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craft  in  England,  France,  Russia  and  the  U.S.A.  The  design  features  of  the 
more  well-known  craft  in  each  of  these  countries  are  presented  in  detail,  as 
well  as  a  look  at  some  experimental  ACV's. 

The  remainder  of  the  book  deals  with  the  major  hydro-aerodynamic  problem 
and  theories,  concerning  these  craft,  and  is  aimed  at  the  technical  engineer 
or  student  of  naval  architecture.  The  physical  features  and  characteristics 
of  ACV's  and  the  external  forces  which  act  on  them  are  discussed  in  Chapter 
II.  Static  stability  is  the  main  topic  of  Chapter  III,  with  some  results 
given  from  the  testing  of  operational  ACV's  for  this  quality.  Speed  and  the 
forces  of  resistance  to  movement  are  probably  the  most  important  factors  in  the 
design  of  an  AC V  and  its  propelling  agents — both  are  discussed  in  Chapter  IV. 
Because  of  the  nature  of  these  t/pe  -raft  (riding  on  air  cushions),  maneuver¬ 
ability  is  quite  different  from  conventional  craft.  The  many  problems 
surrounding  this  are  examined  in  Chapter  V.  The  obstacles  incurred  by  a  vessel 
on  the  open  sea  are  many — roiling,  pitching,  decreases  in  speed  due  to  in¬ 
creases  in  resistance,  spray  formation,  etc.  These,  and  other  difficulties, 
are  investigated  in  Chapter  VI  in  connection  with  the  seaworthy  capabilities 
of  various  ACV's. 

After  finishing  the  hook,  a  reader  will  hopefully  want  to  uelve  deeper 
into  certain  subjects  pertaining  to  air  cushion  vehicles.  In  ;,.iticipation 
of  this,  the  authors  have  provided  an  excellent  list  of  availaole  reading 
matter  from  which  they  drew  in  writing  the  book.  If,  after  this,  the 
reader  has  any  questions  or  suggestions  concerning  the  subject,  he  is  invited 
tc  write  tc  the  publishers  of  the  book  for  further  information. 
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Foreword 

Air  cushion  vehicles  (ACV)  have  become,  in  a  -umber  of  countries, 
a  comfortable  and  profitable  means  of  transportation.  In  connection 
with  this  growing  interest,  shipbuilders  are  concerned  about  questions 
of  design  and  theoretical  problems  connected  with  the  creation  of  an 
air  cushion  vehicle. 

Over  the  past  years,  many  works  have  been  published  which  were  de¬ 
voted  to  questions  of  the  speed,  stability,  maneuverability,  and  seaworthi¬ 
ness  of  the  ACV.  Basically,  these  were  articles  in  journals,  popular 
science  pamphlets,  and  the  reports  of  scientific  conferences  and  sym¬ 
posiums.  Some  monographs  were  devoted  to  theories  on  the  seaworthy 
quality  of  the  ACV,  which  had  not  been  created  until  recent  time.s. 

The  idea,  underlined  in  such  monographs,  belongs  to  Yu.  Yu.  Benya, 
but  his  untimely  death  did  not  allow  him  to  complete  the  task  that  he 
had  begun.  Work  on  the  book  by  Yu.  Yu.  Benya  v:as  continued  by  the 
co-authors. 

In  current  treatises,  as  well  as  in  basic  local  and  foreign  pub¬ 
lished  materials  by  research  writers,  basic  questions  regarding  theories 
of  the  seaworthy  quality  relevant  to  theories  on  vessels  (speed,  stability, 
control,  seaworthiness)  are  summarized.  The  term  "ship  theory"  may 
also  be  applied  to  air  cushion  vehicles.  The  authors  entitled  the  mono¬ 
graph  "Basic  Theories  of  Air  Cushion  Vehicles." 

In  regard  to  the  incomplete  explanation  in  literature  concerned 
with  historical  questions,  the  authors  combined  a  necessary  amount  of 
sufficiently  detailed  historical  information  and  gave  consideration  to 
its  roles  in  local  studies  by  engineers  in  the  development  of  the  ACV. 
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Taking  into  account  the  absence  in  contemporary  literature  of  systema¬ 
tized  data  on  the  structure  and  design  features  in  the  construction  of 
the  ACV,  the  authors  were  forced  to  insert  into  the  monograph  a  special 
chapter,  from  which  a  reader  may  draw  information  about  ACV  designs. 

In  writing  the  monographs,  the  authors  sought  to  weigh  the  results 
of  a  test  model  and  an  actual  ACV.  They  made  use  of  the  numerous  foreign 
and  local  materials  which  dealt  with  the  subject.. 

The  historical  information  (introduction)  and  Chapter  I  was  written 
by  I.  V.  Ozimov,  Chapters  J.I  and  IV  by  V.  K.  D'yachenko,  Chapter  III  by 
S.  A.  Smirnov,  Chapter  V  by  V.  A.  Litvinenko,  Chapter  VI  by  B.  A.  Kolyzaev. 
The  materials  of  Yu.  Yu.  Benya  were  also  used  in  the  monographs. 

The  authors  which  to  express  their  gratitude  to  book  reviewers. 

Prof.  A.  N.  Shmyrev  and  Candidate  of  Technical  Science,  E.  F.  Selyuzhenka, 
for  providing  their  enormously  helpful  observa.tii  ns  in  reviewing  the 
manuscripts . 

The  monographs  represent  the  first  attempt  to  systematize  the  complex 
theoretical  problems  concerning  the  seaworthy  capabilities  of  the  ACV, 
and  the  authors  would  greatly  appreciate  any  observations  by  readers  to 
be  sent  to  this  addrtss:  "Shipbuilding"  Publishing  House,  D-65,  8  Gogol 
Street,  Leningrad. 
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Principal  Symbols 


L  -  length  of  ACV. 

B  -  width  of  ACV. 

b  -  nozzle  width. 

K  -  hull  height  of  ACV. 

L  -  length  of  air  cushions, 
n 

B  -  width  of  air  cushions, 
n 

S  -  area  of  air  cushions, 
n 

hr#Q  -  designed  height  of  skirt. 

hg  -  lift  height  of  the  hull  above  the  screen. 

h  -  lift  height  of  the  hull  above  calm  shallow  water,  while  standing  still. 

hy  -  lift  height  of  the  hull  above  calm  shallow  water,  while  moving. 

h  -  lift  height  or  increased  clearance  between  the  base  of  the  skirt  and 

the  base  surface  of  the  water. 

II  -  perimeter  of  the  air  cushions. 

S  -  area  of  hull  and  skirt  projections  from  midship  surface. 


S6ok  "  area  of  111111  and  projections  from  diametrical  surface. 

F  -  area  of  the  propeller  shaft. 

F  -  area  of  the  fan  shaft, 
r 

a  -  cornering. 

cij  -  coefficient  of  stop  screw. 


3  -  drift  angle. 

6  -  roll  attitude. 

P 

0  -  roll. 

\p  -  trim  difference. 

<}>  -  yaw  angle. 

<J>  -  pitch  angle: 

•  C 

Q  -  volume  of  expended  air. 


V  -  velocity  at  craft's  center 
^  -  speed  of  air  flow  through 


of  gravity. 

areas  of  increased  pressure. 


V  -  absolute  speed, 
a 


V^  -  relative  speed. 


w  -  turning  speed  near  center  of  gravity.’ 

r  -  radius-vector  points, 
p  -  mass  density  of  air. 
v  -  specific  weight  of  water. 

X  -  lengthening  of  the  foils  or  hull, 
g  -  acceleration  of  forces  of  gravity. 
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q  -  rate  of  pressure, 
do  -  element  surfaces. 
dU  -  element  volume, 
t  -  time. 

v  -  coefficient  of  kinematic  viscosity. 

G  -  weight  of  the  ACV. 

R^  ~  vector  forces. 

X^,  Y^,  -  projection  of  the  vector  R^  on  axial  coordinates. 

-  vector  at  the  moment. 

Mxi»  M  Mzi  -  projections  of  the  vector  on  axial  coordinates. 

cij  -  coefficients  of  force. 

mi j  -  coefficients  -.at  the  moment . 

cij  =  del j /dr  -  derived  coefficient  of  forces. 

miy-=  dmij/dr  -  derived  coefficient  at  the  moment. 

P  -  stop  screw. 

R  -  radius  of  circulation  in  the  ACV. 

T  -  draught. 

T  -  kinetic  energy, 
c 

Hp  -  total  pressure  for  the  fan. 

p  -  pressure  in  ideal  fluid. 

Pp  -  full  surplus  pressure  in  the  bag. 

P  -  static  surplus  pressure  in  the  air  cushion. 

^  .  v  1 

Ff  '-a';  -  Froude  number. 

'Vgu  ■ 

0,  xg,  yg,  zg  -  fixed  system  coordinate. 

0,  xO,  yO,  zO  -  mobile  system  coordinate,  at  beginning  of  movement  over 
a  calm  surface. 

0,  x,  y,  z  -  mobile  system  coordinate,  rigidly  connected  to  the  hull  and 
at  the  beginning  of  its  center  of  gravity. 

0.,  x,  y,  z  -  mobile  system  coordinate,  rigidly  connected  to  the  hull  and 
at  the  beginning  of  the  basic  flatness  of  the  hull. 

0,  Xp  y^,  Zj  -  high  speed  system  coordinate. 

Xj,  y^,  Zj  -  current  coordinates. 

m  -  mass,  tonnage. 
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’Introduction.  Development  of  the  Structural  Design  of  the  ACV. 

The  development  of  a  high  speed  transport  craft  which  combines  superior 
seaworthiness  with  a  new  principle  of  propulsion  is  gaining  great  attention. 

At  the  present  time,  there  are  two  basic  directions  in  which  to  go 
to  solve  the  problems  in  the  creation  of  a  high  speed  transport  craft. 

The  first  direction  is  in  the  application  of  hydrofoils,  mounted 
on  posts  under  the  hull.  The  force  created  by  the  movement  of  the 
foils  completely  lifts  the  craft  from  the  water,  decreasing  resistance 
to  the  craft's  movement  caused  by  waves  striking  the  hull.  This  permits 
higher  speeds  and  superior  seaworthiness  for  the  hydrofoil,  compared 
to  the  usual  displacement  and  gliding  quality  of  conventional  craft. 

The  second  direction  is  in  the  use  of  air  cushions,  i.e.,  layers  of 
compressed  air,  created  under  the  hull  with  the  aid  of  special  force 
pumps  or  running  an  air  stream  over  the  water  or  land  surface  (and 
supporting  the  hull) . 

A  craft  in  which  the  lifting  force  for  the  total  rate  of  movement 
is  created  by  special  force  pumps  is  called  a  craft  with  static  air 
cushions,  or  simply  an  air  cushion  vehicle  (ACV). 

A  craft  in  which  the  lifting  force  for  the  basic  rate  of  movement 
at  the  screen  is  created  by  running  an  air  stream  under  high  speed 
pressure  is  called  a  screenplane,  or  aerodynamic  air  cushion  vehicle. 

The  possibility  of  a  hybrid'  type  of  craft  has  not  been  excluded. 
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In  the  aerohydrodynami.es  of-  the  screenplane,  however,  thqre  are  a  , 
great  number  of  features  which  distinguish  it  from  the  static  air  cushion 
craft,  and  so,  in  this  present  work,  it  is  not  considered. 

i  • 

When  the  hull  of  the  ACV  does  not  make  contact  with-  the  water,  or 
its  contact  is  at  a  minimum,  the  resistance  of  friction  and  wave  resis¬ 
tance  is  sharply  decreased  since  lifting  the  hull  above  water  under  the 
influence  of  air  cushions  weakens  the  blows  of  the  waves.  Because  of  , 
this,  the  possibility  exists  for  creating  an  ACV  with  a  speed  of  about  ,  . 

100  knots. 

The  first  area  has  been  studied  sufficiently  well  at  the  present 
time,  and  many  hydrofoils  are  now  successfully  operating  on  rivers  and  on 
the  seas.  Investigation  of  problems  connected'  with  the  creation  of 
hydrofoils  have  been  covered  by  special  literature. 

The  second  area  has  been  studied  to  a  somewhat  lesser  degree,5  although 
after  50  years,  it  now  attracts  the  attention  of  many  scientific  research 
organizations.  For  the  past  decade,  both  in’ our  country  and  abroad,  large 
successes  in  the  areas  of  theoretical  and  experimental  research  into- 
questions  of  aerohydrodynamics  and  the  durability  of  the;  ACV  have  been 
attained  through  the  construction  of  many  comparatively  large  experimental 
test  craft  and  devices.  In  the  last  2-3  years,  in  England,  construction 
of  a  series  of  small  passenger  craft  and  cargo  transports  led  to  the  ! 
creation  of  the  first  large  ACV  of  similar  design  with  a  displacement  up 
to  168  tons  (the  SRN4) .  Design  studies  show  a  technical  possibility  of 
creating  an  ACV  with  a  displacement  of  up  to -1,000  tons  and  more.  However, 
in  contrast  to  hydrofoils,  the  ACV  is  in  the  early  stages  of  development, 
in  which  many  scientific  and  technical  problems  must  be  resolved.  1 

i 

The  reason  for  the  lag  in  development  of  the  ACV,  as  opposed  to  that 
of  the  hydrofoil,  is  that  the  creation  of  the  ACV  was  found  to  be  a  more  ■ 
technically  complex  task  and  became  possible  only  after  progress  was  , 

made  in  associated  fields  of  engineering,  particularly  in'  mechanical 
engineering,  automation,  and  others.  With  the  creation  of  hydrofoils,  it 
was  found  possible  to  utilize  the  already  perfected  practical  forms  of 
hydrofoil  bodies  and  the  basic  propelling  agent,  propeller  screws. 

Therefore,  the  number  of  possible  technical  decisions  were  restricted  > 
to  fundamental  selections  of  hydrofoil  systems,  with  an  arrangement  of 
propelling  agents  and  methods  of  transmission  that  would  begin  operating  i 
simultaneously  with  the  engines.  . 

The  ACV  required  a  totally  new  form  of  body,  which  would  be  able  to  • 
create  and  retain  the  air  cushions  beneath  it.1  In  connection  with  this 
design,  where  the  hull  interacts  with  the  water's  surface  by  way  of  an 
air  cushion,  new  solutions  are  needed  for  problems  of  stability,!  > 

control,  durability,  etc.  For  this  reason,  the  number  of  possible  tech¬ 
nical  solutions  are  great  arid  the  choice  of  an  optimum  type  of  ACV  i'tself 
presents  a  complex  task. 


l-~ 
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In  regard  to  the  weight  of  the  AQV,  there  arises  the  necessity  to 
create  light  and  simple  construction  materials  for  the  body  construction, 
a  force  pump  to, be  installed  for  creating  the  air  cushions,  light  highly- 
'-economical  engines  with  various  methods  of  transmission  of  power  to 
the  propellers  and  force  pumps,  new  types  of  engines,  etc.  Construction 
of  a  practical  ACV  requires  the  creation +of  new  fields  in [Shipbuilding, 

1  just  as  the  creation  of  the  helicopter  did  in- aviaticm. 

-  * 

'  The  idea  of- using  air  to  decrease  resistance  to  the  craft’s  movement 
(  is  over  200  years  old.  In  1716,  a  Swedish  scholar,  Emmanuel  Swedenborg, 
proposed  the  construction  of  a  device,  supported  over  a  base  surface 
with  the  aid  of ’an  air  cushion  (Figure^  1)  .  The  apparatus  was  to  have  a 
dome-shaped,  [elliptical  form  and  a  body  consisting  of  a  light  wood  frame, 
covered  with  sail-clothv  The,  author  proposed  to  force  under  the  body  of 
the  apparatus  the  air  needed  to  propel  it  with  the  aid  of  two  paddles 
revolving  on  a  horizontal  axis  and  powered  by  men.  The  crew  of  the  apparatus 
would  be- placed  in  an  open  cabin  in  the  center  ,of  the  dome.  Swedenborg 
noted  that  the  muscle-energy  of  man  Was  insufficient  to  create  air  cushions 
under  the  apparatus  and  indicated  that  his  idea  might  be  realized  in  conjunc¬ 
tion  with  the'  future  development  of  engineering.  Emmanuel  Swedenborg’s 
apparatus  might  be  looked  upon  as  the  prototype  of  the  contemporary  ACV  [68] . 

i  . 

i  Around  1853,  Ivanov,  an  architect  in  charge  of  the  Archangel  provin¬ 
cial  Construction  and  Roads  Commission,  proposed  the  creation  of  a  "tri- 
-keel  air  boat"  -  a  craft  "which,  with  the  aid. of  air  machines,  would 
force  air  ,  under  its  bottom  and  it  -could  float  along  with  considerable 
speed  against  the-  wind  hnd  thrust  of  water."  As  to  the  quality  of  the 
force1  pump  in  the  design,  it  was  suggested  that  two  pairs  of  "cylindrical 
bellows,"  pumped  by  two  men,  be  utilized.  In  essence,  this  was  the 
ifirst’ known  proposal  of  "air  lubrication,*'  that  is,  the  creation  of  a  thin 
gaseous  layer  on  the  bottom  of  the  craft.  Ivanov’s  proposal  was  declined 
by.  project  departments  and  .cast  aside;  realization  6f  this  plan,  without 
a  corresponding  force  pump  and  engine,  was  deemed  impossible. 

1  <’  i 

i  In  1865  Scott  Russell,  In  his  book  "Current  Systems  of  Naval  Archi- 
i  tecture,":  and,  ten  years  later,  Willikm  Froude,  also  proposed  the  use  of 
air  lubrication  on  a  craft.  William  Froiide  considered  it  especially 
expedient  to  empliy  air  lubrication  of  a  craft  being  much  wider  or 
circular  in  form  such  as  Russian ‘ships  of  the  "Popovka"  class. 

„  I 

!  The  first  patent  foi  th).  use  of  air  lubrication  on  a  craft  was 

issded  iij  England  to  a  Swedish  engineer,  Gustav  lavalle,  in  1882.  Based 
on'Lavalle’s  proposal,  a  small- test  craft,  with  an  air* lubrication  design, 
was  constructed.  Tile  air  under  the  bottom  moved  across  numerous  openings 
in  the  stem,  but  failed  to  achieve  a  uniform  distribution  of  air  layers 
beneath  the  hull  with  practically  no  decrease  in  the  resistance  of  friction 
to  the  craft  and  a  speed  which  did  not  exceed  12  kilometers  per  hour. 
Construction  of  a  second  launch, fi.n  which  a  more  powerful  engine  would 
have  been  provided,  was  never  completed  by  Lavalle. 


'  i 
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Figure  1.  The  Apparatus  of  E.  Swedenborg 


Figure  2.  An  Air-Cushioned  Motor  Torpedo  Boat  by  D.  M.  Von  Tomamhul. 

In  the  following  years,  inventors  and  scientists  at  home  and  abroad 
repeatedly  turned  to  the  idea  of  using  air  lubrication  on  their  craft  to 
decrease  the  resistance  ,of  friction  and  increase  the  speed.  Leslie 
Heyward,  author  of  the  pamphlet  "History  of  Air  Cushioned  Vehicles," 
circulated  in  London  in  1963,  contended  that  more  than  100  patents  existed 
for  designs  of  air- lubrication  craft.  During  the  late  19th  and  early 
20th  century,  many  experimental  craft  which  utilized  the  air-lubrication 


Security  Cl»«*incaUon  _ * - - -  -  - 


DOCUMENT  CONTROL  DATA  -  R  A  D 

(Security  cf««sf//caf/on  of  Ut(t;  body  of  sbxtroct  end  indexing  annotation  mutt  bt  anfaracf  whon  tho  or trail  rtpoft  ft  cfaitff/arf) 


t.  OAICINATINC  ACTIVITY  (Cofpofto  OuttlOt )  2*.  RCFORT  SECURITY  CUAMlPICATION 

Foreign  Science  and  Technology  Center 

US  Army  Materiel  Command  it.  «roji* 

Department  of  the  Army 


*.  HK^ORT  TITU* 


BASIC  THEORIES  CF  AIR  CUSHION  VEHICLES 


4.  descriptive  NOTES  (Typ*  of  »port  and  Inclmln  dmUt) 

Translation 


»■  authoh(I)  (Pint  aum,  atJddU  Inittot,  Uttnom*) 

Yu.  Yu.  Benya,  V.  K.  D'yachenko,  et  al. 


6.  REPORT  DATE 


October  1971 


M.  CONTRACT  OR  GRANT  NO. 


17a.  TOTAL.  NO.  Of  1 1b.  NO.  OP  ftCFf 


»VO*IGINATOft*9  REPORT 


6.  PNOJCCT  NO. 


Ct  T702301  2301 


FSTC-HT*23*^9f "71 


I M.  OTHER  REPORT  HOIS)  (Anf  .tfmiNPbirf  ItWlM,  hm  a.a)£t«f 
IM.  lopntl) 


<*■  Requester 


90.  OI»T*l»UTtON  «TATffMKNT 


Approved  for  public  release;  distribution  unlimited! 


11.  SUP  PL  CM  KMT  Aft  Y  NOTCt 


[1*.  AMTRACT 


,12.  SPONSORING  MILITARY  ACTIVITY 


US  Army  ^'Foreign  Science  and  Technology 
Center 


^  ^  yij 

ih.i5_ls..a*'unique -book,,  cons! doping. .the  textbook  1 1 tl  e-r*becaBse7.£he  authors 
have  succeeded  In  blending  general  information  ujout  -.ir  cushion  vehTcles 
(background  information  such  as  history,  basic  features  of  designs,  and  prospects 
for  their  development  by  the  major  sea  powers  of  the>.world)  with  detailed 
studies  of  the  major  hydro-aerodynamic  problems  encountered  by  design  engineers 
(concerning  theories  in  the  areas  of  speed,  stability,  manueverabi 1 i ty  and 
seaworthy  capabilities  of  these  strange,  new  craft).  The  result  is  a. combination 
formal-informal  guide  which  will  enthuse,  as  well  as  inform,  both  students  and 
technical  engineers  of  the  shipbuilding  industry. ^ 

The  preface  serves  to  introduce  the  reader  to  the  reasons  for  writing  this 
book,  and  to  acknowledge  the  work-  of  the  many  people  who  made  the  book  pi  ssiblc. 
Following  this,  there  is  an  explanation  of  the  principal  symbols  used  in  the 
theories  concerning  air' cushion  vehicles  and  their  features. 

The  authors  give  a  short  history  of  air  cushion  vehicles  in  Chapter  I.  The 
important  thing  to  note  here  is  that  they  are  quick  to  weed  out  hydrofoils, 
moriorail  trains,  and  other  craft  which  employ  air  cushion  systems,  so  that  they 
might  concentrate  strictly  on  naval  craft  which  employ  plenum  chambers,  peri¬ 
pheral  flexible  skirts,  of  captured  air  bubble  systems.  The  reader  can 
appreciate  this  limitation  as  the  authors  dig  into  the  development  of  these  type 
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system  were  built.  In  the  Soviet  Union,  investigation  into  this  area 
occupied  the  minds  of  N.  N.  Kabachinski,  L.  M.  Lapshin,  L.  6.  Loitsyanski, 
K.  K.  Fedyaevski-  and  others.  Until  modem  times,  however,  air- lubri¬ 
cated  craft  were  not  widely  accepted,  apparently  because  of  the  small 
gains  in  overcoming  the  full  resistance  on  the  craft  in  calm  waters  and 
especially  in  waves.  Soviet  scientists,  through  investigation,  estab¬ 
lished  that  by  making  the  most  efficient  use  of  the  craft’s  hull,  the 
system  of  air  lubrication  worked  well  enough  to  reduce  the  resistance 
of  friction  on  the  bottom  up  to  60%.  Data  from  a  tested  model  showed 
that,  in  barges  with  a  freight- carrying  capacity  of  3,000  tons  and  in 
waves  of  state  3  sea  conditions,  full  resistance  was  decreased  23-26% 
at  speeds  of  16-18  kilometers  per  hour  [3] . 

In  contrast  to  the  air- lubricated  craft,  the  ACV  is  supported  above 
the  water  by  a  layer  of  compressed  air  of  considerable  thickness,  which 
permits  the  reduction  of  not  only  resistance  to  friction,  but  also  wave 
resistance.  In  regard  to  speeds  attainable,  the  ACV  can  reach  much  higher 
speeds  than  air- lubricated ‘craft. 

One  of  the  first  ACV's,  a  motor  torpedo  boat,  was  built  in  1916  by 
D.  M.  Von  Tomamhul  for  the  Austrian  Navy  (Figure  2).  Essentially,  * 
Tomamhul's  torpedo  boat  is  a  hybrid  type,  combining  air  lubrication  with 
the  so-called  chamber  method  of  forming  an  air  cushion.  A  chamber  is 
formed  by  the  flat  bottom,  the  side  walls,  and  the  bow  lines.  The 
height  of  the  chamber,  however,  was  still  not  very  great,  considering 
what  possibly  might  wash  against  the  bottom  in  waves.  A  centrifugal 
fan  and  four  engines,  with  a  total  of  480  horsepower  to  drive  the  screw 
propellers,  were  installed  on  the  launch  to  create  the  air  cushion. 

During  tests,  the  craft  developed  a  speed  of  40  knots,  but  further 
development  of  Tomamhul's  design  was  not  made.  The  costly  construction 
of  the  launch  ,was  probably  the  basic  reason  for  stopping  work  oh  \ 
it.  The  craft  was  not  very  seaworthy,  when  one  considers  the  loss  of 
speed  in  the  waves,  the  lack  of  the  necessary  engines  and  testing  of  the 
boat's  construction. 


Shortly  thereafter,  in  1921,  a  French  inventor,  M.  A.  Gamben,  pro¬ 
posed  a  large-  barge _ to  be  operated  on  an  air  cushion  (Figure  3).  The 
fans  were  arranged  in  the  bow  sections  and  permitted  the  pressure  head 
of  the  accumulated  air  stream  to  be  utilized.  To  improve  lift  above 
waves  and  to  protect  the  fan  from  the  blows  of  the  waves,  a  special 
buoyancy  in  -the  bow  was  provided.  To  improve  the  distribution  of  the 
air  stream  in  the  chamber  and  for  stability,  Gamben  suggested  the 
installation  of  fore  and  aft  keels  along  the  whole  length  of  the 
chamber.  Gamben  maintained" that  his  craft  could  be  operated  on 
unnavigable  rivers  and' in  shallows,,  but  his  proposal  was  never  rea¬ 
lized.  The  insufficient  design  of  Gamben' s  craft  was  similar  to  that 
of  Tomamhul's.  An* interesting  patent  was  issued  to  V.  F.  Casey  of  the 
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United  States  of  America,  in  192s  (Figure  4).  An  air  chamber  under  the 
craft's  hull  was  separated  by  fore  and  aft  keels,  which  improved  the 
craft's  stability.  Air  in  the  chamber  was  pumped  by  the  centrifugal 
fans  through  a  transverse  nozzle  in  the  bow-,  creating  an  air  gate  from 
the  air  cushions  in  the  craft's  stem  section.  Since  the  air  v;as 
recirculated,  the  power  of  the  engines  could  be  lower  for  creating  the 
air  cushion.  V.  F.  Casey  was  one  of  the  first  to  propose  the  use  of  a 
system  of  recirculation  in  creating  an  air  cushion. 


Figure  3.  The  ACV  Design  of  M.  A.  Gamben 


Figure  The  ACV  Design  of  V.  F.  Casey 

A  large  contribution  in  the  development  of  the  ACV  was  made  by  the 
noted  Russian  scientist  K.  E.  Tsiolkovski,  who  for  the  first  time,  in 
1927,  substantiated  theoretically  the  principle  of  moving  on  an  air 
cushion,  in  his  work  "Air  Resistance  and  the  Express  Train"  [54] .  K.  E. 
Tsiolkovski  submitted  a  design  for  a  train  which  would  ride  on  a  cushion 


of  air  along  a  special  type  of  strip  and  expressed  a  formula  for  deter¬ 
mining  the  power  necessary  to  create  the  air  cushion  and  movement 
(depending  on  the  wieght  of  the  train,  the  pressure  in  the  cushion, 
and  the  height  of  the;  lift)  which  is  still  basic  to  current  theories 
on  ACV's. 

Further  development  of  K.  E.  Tsiolkovski's  ideas  and  their  practi¬ 
cal  app  1  ic ation:,f or  designing  and  building  an  ACVjwas  made  by  another 
Soviet  scientist.  Professor  V.  I.  Levkov  of  the  New  Circassian  institute 
[4,  40];  Beginning  by  testing  models  in  the  aerodynamic. laboratory  of  the 
New  Circassian  Polytechnical  Institute  in  1927,  V.  I.  Levkov  later  became 
head  of  the  construction  bureau  for  designing  ACV's  and  held  that  post 
.  until  1941.  Under  the  direction  of  V.  I.  Levkov,  several  craft  were 
(developed,  the  largest  of  which  had  a  displacement  of  about  15  tons.  The 
first  ACV,  the  L-l,  was  powered  by  two  140  horsepower  piston  engines 
and  was  successfully  tested. in  1934-35  over  water,  snow,  and  land. 

A  distinctive  speed  record  was  set  in  1937  by  the  L-5  ACV  (Figure 
5).  Bearing  a  weight  of  about  9  tons,  it  reached  the  unprecedented 
speed  for  its  day  of  about  73  knots  in  trials  over  a  measured  mile. 


Figure  , 5.  The  L-5  ACV  of  Professor  V.  I.  Levkov 


The  design  of  the  craft  had  been  devised  for  weights  up  to  30  tons, 
but  the  war  prevented  its  realization.  Work  on  the  problem  was  inter¬ 
rupted  and  the  launch  was  lost  during  a  trial  run  on  the  Baltic. 

Thus,  it  is  to  V.  I.  Levkov  and  the  association  which  he  headed  that 
the  merit  for  creating  the  first  native  ACV  must  be  given;  their  investi¬ 
gations,  long  before  those  in  the  west,  showed  the  prospects  of  utilizing 
ACV  principles  in  shipbuilding. 

The  heavy  blow  of  the  war  to  the  national  economy  of  the  Soviet 
Union,  the  insufficient  development  of  the  power  base  in  the  prewar  and 
initial  postwar  years  and,  in  particular,  the  lack  of  a  vented-steam  gas 
turbine,  a  transmission  for  cornering,  special  pumps,  etc.  stopped 
V.  I.  Levkov  from  going  ahead  with  the  creation  of  a  large-scale  ACV. 
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The  distinctive  features  of  V.  I.  Levkov's  ACV  were:  the  under- 
-dome  space  (air  chamber)  for  high  elevation,  formed  by  the  flat  bot¬ 
tom  -and  side  profiles  of  the  hull the  buoyancy  pro¬ 
vided  to  the  launch,  its.  stability  in  moving  on  a  cushion  of  air. 

The  craft  was  a  catamaran  type,  with  /an  open  flow  of  air  through 
the  cushions  in  the  bow  and  stem.  The  .hull  of  the  launch  was  made  of' 
'duraluminium;;  piston  aircraft .engines  were  used;  the  pumps  served 
twin-bladed  screws  —  the  propelling  agents; ’and  rotary  shutters  were 
arranged  'under  the  pumps . 

A  number  of  considerable  deficiencies  were  revealed  in  the  trial 
run  of  the  launch.  In  particular,  there  was  the  insufficient  sea¬ 
worthiness  of  the  craft  due  to  the  wake  of  the  aircraft  engines  and 
blows  by  the  waves  set  up  by  the  shutters,  which  brought  the  engines 
to  a  halt  and  broke  the  shutters.  Optimum  performance  was  at  state 
4  sea  conditions ;  there  was  intensive  wash  on  the  decks  and  into  the 
wheelhouse  at  full-stop  and  at  slow  speeds,  because  of  air  blowing 
in  the  bow  through  the  open  tunnel;  a  large  sail  and  a  strong  wind  drift 
brought  about  poor  control  at  slow  speeds ^ 

An  English  radio-engineer,  C.  Cockerell,  received  a  patent  (#854,211) 
in  1955  oh  the  design  of  an  ACV,  differing  in  that  the  cushion  under  the 
hull  of  the  device  was  protected  by  an  air  screen,  flowing  from  a  ring 
(periphery)  of  nozzles  (Figure  6).  This  method,  named  the  peripheral 
annular  jet  system,  proved  more  effective  than  the  chamber  method  and 
provided  for  a  more  frugal  expenditure  of  power  in  attaining  more  lift 
(about  150-300  millimeters  versus  10-20  millimeters  in  the  chamber  method). 


Figure  6.  The  Original  ACV  Design  Proposed  by  C.  Cockerell 
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We  note  that,  two  years  prior  to  C.  Cockerell’s  patent,  G..S. 
Turkin  of  the  Gubkina  Oil  Institute  obtained  an  author’s  certificate 
(#6755-MRF  8  October  1853)  for  "A  Cross-Country  Air  Cushion  Transport 
Vehicle"  [40].  As  a  follow-up  to  his  idea,  G.  S.  Turkin  constructed 
a  light  experimental  machine  which  utilized  ah  annular  jet  system  to 
form  the  air  cushions.  The  untimely  death  of  the  inventor,  however, 
broke  off  further  investigations  into  this  area  until  reports  of 
4  work  on  peripheral  annular  jets  began  to  appear.' 

Beginning  in  1953,  a  similar  investigation  of  peripheral  annular 
jets  was  carried  out  in  the  U.S.A.  in  connection  with  studies  of  VTOL 
♦  aircraft . 

By  1959,  theoretical  and  experimental  investigation  into  the 
aerohydrodynamics  of  ACV's  with  peripheral  annular  jet  systems  had 
been  carried  out  by:  the  N.  E.  Zhukovski  Central  Institute  of 
Aerohydrodynamics  in  the  Union  of  Soviet  Socialist  Republics,  in 
the  D.  Taylor  Test  Basin  and  the  Langley  Aerodynamic  Laboratory  in 
■the  U.S.A. ,  the  National  Physics  Laboratory  in  England,  the  National 
Science  Research  Commission  (ONERA)  in  France,  and  other  organizations. 

In  England,  in  1959,  the  first  experimental  ACV,  with  dual-contour 
annular  jets,  was  built  according  to  C.  Cockerell's  design  --  the  SRN1. 
The  search  for  a  design,  which  would  solve  the  problem  of  creating  air 
cushions  while  decreasing  the  expenditure  of  power,  had  ended  just  in 
time.  The  basic  concept  would  decrease  the  loss,  connected  with  air 
flowing  into  the  atmosphere  and  would  reduce  the  expenditure  of  air 
through  the  fans  and  then  ejected  into  the  atmosphere.  To  cope 
with  the  first  problem,  the  inventors  had  proposed  various  systems  cf 
recirculation  and  an  intricate  filtration  system;  in  dealing  with  the 
second  problem,  an  ejection  mechanism  would  be  used.  A  large  number 
of  patents  on  recirculation  systems  were  obtained  by  C.  Cockerell. 

Some  diagrams  of  jets  designed  for  various  systems  of  recirculation 
are  shown  in  Figure  7. 

A  Swiss  engineer,,  Karl  Wyland,  obtained  a  patent  in  1957  for  an 
.  ACV  design  which  had  an  intricate  filtration  system.  Two  self-pro¬ 

pelled  craft,  with  more  intricate  filtration  systems,  were  built  by 
K.  Wyland  in  1959  --  bearing  the  name  "lien."  It  measured  10  x  9.2 
meters,  weighed  about  7.5. tons,  had  two  700  horsepower  engines,  and 
*  six  fansi  instilled  vertically  on  the  craft's  bow  oriented  to 

meet  the  oncoming  stream  of  air.  During  the  trials  on  Lake  Zurich, 
the  craft  reached  speeds  of  52  knots  and  was  purchased  by  the  U.S. 

Navy  for  research  purposes.  Its  future  is  unimportant.  Another  of 
K.  Wyland' s  crafts  was  operated  during  a  storm. 
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'figure  7*  Diagrams  of  Nozzle  Mechanisms  with  Various 
Systems  of  Recirculation:  a,  a  simple  single-con*^ 
tour  Jet;  b,  a  system  with  circulation  through  an 
open-rcurve  contour  (80%  circulation);  c  and  d, 
systems  with  circulation  through  a  closed-curve 
contour  (100%  circulation)  tn  various  directions. 

Testing  of  the  recirculation  system  in  models,  under  laboratory 
conditions,  showed  that  it  decreased  significantly  the  loss  of  power 
in  creating  air  cushions  (in  an  efficient  design,  almost  1/2).,  How¬ 
ever,  practical  applications  of  recirculation  systems,  intricate 
filtration  systems,  and  also  ejection  mechanisms,  were  never  found 
for  contemporary  ACV's.  First  of  all,  their  designs  were  too  complex 
and  their  operation,  in  natural  conditions,  too  unreliable;  second, 
the  appearance  of  skirts  in  design  changes  made  a  s'ystem  of 
recirculation  useless. 

The  trial  runs  of  the  first  experimental  ACV's,  particularly  the 
SRN1,  showed  that  the  basic  inefficiency  of  the  annular- jet  type  craft 
seemed  to  be  its  small  degree  of  seaworthiness.  During  operation  over 
waves,  an  increase  in  resistance  to  movement  was  observed.  This  was 
due  to  the  sharp  blows  of  the  water  against  the  hull,  the  wave  heights 
being  0.6  meters  and  the  height  of  the  air  cushions  only  0.3  meters. 
Investigation  showed  that,  for  normal  operation  of  a  high-speed  craft 
over  high  waves,  the  lift  of  the  hull  over  the  surface  must  be  perfectly 
level  with  the  wave  height.  In  statistics,  for  example,  in  the  English 
Channel  wave  heights  never  exceed  1.2-1. 5  meters  90%  of  the  time  during 
a  given  year.  Consequently,  for  an  ACV  to  operate  in  the  English  Chan¬ 
nel,  or  in  coastal  regions,  the  minimum  possible  lift  of  the  hull  must 
be  1.2-1. 5  meters.  It  was  shown  that  to  provide  such  lift  by  means 
of  a  chamber  or  annular-jet  system  .was  impossible  because  of  the  sharp 
increase  in  power  necessary  to  create  'the  air  cushions.  A  search  wa> 
begun  for  new  ways  to  increase  lift  height.  Further  development  of 
the  ACV  branched  into  two  basic  directions  and  two  classes  of  craft 
emerged,  Class  A  and  Class  B. 
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Separating  ACV's  into  two  classes  is  conventional,  to  a  degree, 
and  reflects  our  present-day  handling  of  the  development  of  these  new 
means  of  transportation.  This  proposed  separation  might  be  changed 
in  the  future  by  new,  original  designs,  or  by  hybridization  of  present 
designs  —  the  concept  is  still  quite  young. 

Class  A.  The  invention  of  flexible  "skirts"  for  ACV's  was  the 
primary  technical  solution  to  the  problem  of  seaworthiness  of  light - 
-weight  ACV's.  Practical  work  on  "the  creation  of  the  skirts  was  begun 
in  ?»959  by  the  English  firm  of  Westland  Aircraft.  The  Westland  firm 
now  holds  a  large  number  of  patents  on  skirt  designs.  Extensive  work 
in  this  area  was  also  done  by  another  English  firm,  Vickers-Armstrong, 
who  also  hold  a  number  of  original  patents.  In  general  outline, 
development  of  the  flexible  skirt  may  be  presented  in  the  following  form. 
Originally,  the  flexible  skirt  appeared  as  a  massive  strip,  establishing 
a  perimeter  around  the  air  .cushions  (Figure  8a) .  The  flow  of  air  from 
the  air  cushions  took  place  under  the  lower  edge  of  the  barrier.  The 
height  of  a  barrier,  of  the  type  fixed  on  the  ACV  SRN1,  never  exceeded 
15  centimeters  and  not  prove  very  seaworthy.  Providing  stability 
while  increasing  height  was  impossible. 

The  next  advance  was  the  invention  of  flexible  skirts,  consisting 
of  two  strips,  and  appearing  as  a  continuous  wall  of  riged  nozzles 
(Figure  8b).  The  .shape  of  the  flexible  jets  was  maintained  with  the 
help  of  a  diaphragm  and  a  chain  drive,  in  the  lower  part  and  its  in¬ 
clination  in  a  vertical  plane,  with  the  assistance  of  corresponding  guy- 
-wires  to  the  bottom.  The  height  attained  by  the  barrier  was  0.6  meters. 
This  design  ensured  the  flow  of  air  from  the  cushions,  permitting 
an  increase  in  hover  gap.  A  drawback  to  this  design  was  the  large  amount 
of  .hydraulic  waste  connected -with  increasing  the  length  of  the  jets; 
it  was  impossible  "to  create  barriers  with  large  heights,  because  sta¬ 
bility  was  difficult  to  ersure  and  there  was  little  pliability  to  the 
barriers  when  moving  over  waves,  causing  an  increase  in  resistance  and 
a  drop  in  speed. 

Further  improvement  in  the  designs  of  flexible  skirts  brought 
about  the  creation  of  flexible  bags,  ending  in  short  flexible  jets 
(Figure  8c).  Such  a  design  allowed  the  profile  of  rigid  jets  to  be 
discarded;  flexible  jets  of  great  length  were  also  no  longer  necessary,  thus 
avoiding  hydraulic  waste.  The  design  ensured  stability,  while  in¬ 
creasing  the,  height  (e.g.,  up  to  1.2  meters).  It  ensured  the  flow 
of  air  from  the  cushions  and,  consequently,  attained  an  acceptable 
hover  gap. 

Deficiencies  in  this  type  of  barrier  were:  difficulty  in  repair 
or  replacement  of  damaged  sections  of  the  skirt  and,  as  in  the  previous 
case  (Figure  8b),  very  little  pliability  in  moving  over  waves. 
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Figure  8.:  Principal  Diagrams  of  Flexible  Skirts. 


The  next  stride  in  the  development  of  flexible  skirts  was  an  attempt 
to  remove  these  deficiencies,.  This  led  to  the  creation  of  a  segmented 
skirt  (Figure  8d) .  This  skirt  was  made  up  of  separate  elements, 
allowing  quick  replacement  in  case  of  damage,  and  possessing  great 
pliability  in  contact  with  water.  Difficulties  again  arose,  however, 
in  ensuring  stability. 

Later,  easily  removable  fingers  were  installed  on  the  flexible 
bags  (Figure  8e),  which  permitted  consolidation  into  one  design  of 
such  qualities  as:  decreased  hydraulic  waste,  stability  and,  therefore, 
an  increase  in  height,  an  acceptable  hover  gap,  quick  replacement  of 
damaged  elements  and,  finally,  a  good  performance  quality  i’>  :-.he  craft. 
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The  increased  heights  also  demanded  new  solutions  in  design  to 
ens.ure  stability  and,  through  exploitation  of  the  flexible  skirt  design, 
distribution  of  air  cushions  into  sections  (one  of  the  types  iu  shown 
in  the  lower  portion  of  Figure  32) ,  . 

,  i 

Flexible^  skirts  increased  the  seaworthy  quality  and  amphibious 
capability  so  much  that  -soon  after  their  development,  the  English 
firm  of  Westland  Aircraft  was  able  to  move  on  to  construction  of  the 
SRN5/SRN6  series  of  ACV's,  wiih  a  seaworthy  capability  in  state  3-4 
sea  conditions  and,  finally,  the  168  ton  SRN4,  with  a  seaworthy  capa¬ 
bility  in' state  4-5  sea  conditions. 

An  original  design  of  a  flexible  skirt,  in  the  shape  of  a  series 
of  closed  cylindrical  chambers  with  air  in  each  chamber'  below  the 
water  mark,  was  worked  out  by  the  French  firm  Bertin  (Figure  8f ) .  A 
line  of  experimental  small  craft  and  ACV's  with  flexible  skirts  of  this 
type  was  created. 

Contemporary  designs  of  flexible  skirts,  apparently,  are  still 
far  from  perfect.  In  future  development  of  designs  and  materials,  as 
well  as  through  research,  there  lies  a  good  chance  for  improving  the 
performance  and  seaworthiness  of  all  ACV's. 


Figure  9.  The  Prlrscipef  ACV  Designs:  a,  Class  A;  b,  Class  B. 

All  ACV's  with  a  peripheral  skirt  design  fall,  into  Class  A  (Figure 
9a).  The  maximum  displacement  for, craft  in  this  class  is  difficult  to 
determine  at  the  present  time.  It  is  possible  that,  in  the  near  future, 
craft  of  this  class  with  displacements  of  about  500  tons  and  a  sea¬ 
worthiness  in  state  4-5  sea  conditions  will  be  created. 
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Class  B.  The  replacement  of  skirts  throughout  a  craft  of  any  = 
great  size,  designed  for  sea  and  oceanic  navigation,  added  to -the  al¬ 
ready  complex  problem.  A  craft  capable  of  moving  over  waves ;in-  about 
state  6  sea  conditions  means  replacement  of  skirts  4-6  meters  high. 

This  made  it  necessary  to  create  highly  durable,  elastic  materials  — 

—  a  problem  which  was  difficult  to  solve.  ACV's  with  skirts  required 
high-powered  instrumentation  (about  70-100 : horsepower  per  ton),  which  . 
also  posed  a  problem  in  craft  of  great  weight.  Proposals  were  made, 
therefore,  to  increase  the  speed  and  maintain  seaworthiness  with,  a 
minimal  expenditure  of  air.  Lower  resistance  was;  ensured  because  of 
the  decrease  in  drag  from  wetting,  and  seaworthiness  was  increased  ! 
because-  of  the  lift  over  water.  To  ensure  minimal "expenditure  of 
air  and  a  decrease  in  the  power  necessary  for  lift,  the  cushion  was 
confined  by  partially-submerged  rigid  (pliable)  Walls  or  narrow  hulls  .  1 
(keels)1,  and  were  constrained  at  the  two  ends  by  flexible  skirts  or 
by  rigid  mechanical  flaps  of  various  designs.1  The  greater  th.e  lift1  . 
height  while  moving,  the  larger  the  size  of  the  craft  could  be.  ; 

The  power  output  necessary  at  speeds  of  40-50  knots,  in  this  respect, 
was  35-40  horsepower  per  ton.  _  : 

t  I 

Essentially,  craft  of  this  type  were  merely  modifications  of  the 
craft  created  by  V.  I.  Levkov,  which' utilized  a  plenum  chamber  to  form 
the  air  cushions.  They  differed  from  V.  I.  Levkov' s  craft  in  that, 
the  lateral  wall  (keel)  was  not  completely  lifted  above  the  water's  , 
surface,  i.e.  in  ideal  conditions  there  was  an  absence  df  air  flow 
from  the  cushions.  In  regard  to  this,  the  designers  deliberately  de-  s 
creased  the  maximum  speed  and  the  amphibious  capabilities,  in  order  , 
to  decreas-  the  power  necessary  to  create  the  air  cushions  and  to 
make  it  possible  to  replace  the  screw  propellers  or  water- jet  system. 

An  ACV  with  a  partial-lift  design  (or,  as  a  craft  of  this  type  ,  , 

is  sometimes  called,  with  partial-transfer  of  air  cushions  for  lift) 
was  worked  out  and  thoroughly  tested  in  the  Soviet  UAion  by  an  en¬ 
gineer,  B.  P.  Ushakov,  in  1939-41.  Realization  of  this  project,  was 
prevented  by  the  war.  ,  1 

i 

During  the  postwar  years,  work  on  this  type  of  craft  and  crdft 
with  full-lift  capabilities  was  undertaken  by  V.,1.  Levkov  (until  his 
death  in  1953),  Yu.  Yu.  Benya  and,  in  succeeding  years,  a  group  from  1 
the  N.  E.  Zhukovski  Central  Aero -hydro dynamic  Institute  (I.  P.  Lyubomirov, 
V.  I.  Khanzhonkov  and  others),  the  Central  Technical  Design  Bureau  of 
the  Ministry  of  the  River  Fleet  (chief  designer  --  V.  A.  Lipinski), 
the  "Volga-Baltic  Ship  Project"  Design  Bureau  (chief  designer  —  V.  K.  i 
Zoroastrov),  and  others  in  the  Soviet  Union. 


skegs,  and  a  craft  of 
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1This  is  sometimes  referred  to  by  foreigners  as 
this  type,  as  skeg-type  or  sidewall  vessel. 


i 


h 


V 


H 


In  England,  rigid  side-wall  craft  were; built  by;  the  Denny  firm  in 
1959,  and  by  Hoveriaarine  Ltd.  in  1966.  *  s 

i  s 

In  the  U.S.A.,  immersed-sidewall  ACV's  called  CAB  vehicles  (cap¬ 
tured  air  bubble)  were  investigated  by  the. Booz-Allen  Applied  Research 
Company,  and  scientific  research  was  carried  out  by  the  Naval -Air  Center 
in  the  D.  Taylor  Test  Basin'.  One  should  note  that,  in  the  U.S.A.,  design 
work  on  crafts  with  displacements  up  to  5,000  tons  has  been  completed 
and  programs  for  .the!  development  0f  CAB  type  craft  have  been  put  to¬ 
gether,  Which  permit  the  creation  of  experimental  craft  of  the  CAB 
j  type  with  a  displacement  of  500-1,000  tons  by  the  1970* s  (a  program  is 
.being  directed  by  the  Merchant  Marine,  but  the'U.S.  Navy  also  has  a 
program)  i  [83]..  .<  ’ 

,  5  • 

Publications  with  similar  information,  for  dissemination  abroad, 
are  often  sensational  and  should  be  reviewed  critically. 

i  (  * 

Craft  with  rigid  and  flexible  immersible  sidewalls,  partial  lift, 
and  equipped  at  the  ends  with  flexible;  skirts  or  rigid  mechanical  flaps 
of  various  designs  fall  into  Class  B  (Figure  9b) . 

'  i  J 

,  Iq  aiming  for'1  a  craft  of  this  class,  development  of  the  Class  A 
craft  is  lagging  behind.  This  lag  is  explained  by  the  advantages  of 
the  G^ass  B  craft:  high  speed  (40-50  knots)  with  a  moderate  expendi¬ 
ture  of  power,  an  increase  in  the  seaworthy  capability,  and  voyages  of 
any 'great  distance  could  only  be  made -by  craft  with  large  displacements. 

;  ;  r  s' 

1  The  creation  of  such  craft  is,  in  itself,  a  complex  scientific- 
-technical  task  which  requires  solutions  to  many  problems  now  being 
,  studied.-  i 


i 


i 


i  I 
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Chapter  I.  Design  Features  of  Air  Cushion  Vehicles 
Si.  The  SRN1  and  SRN  2 

The  first  experimental  ACV,  the  SRN1  (Figure  10),  was  built  in 
England  in- 1959,  according  to  the  design  of  engineer  C.  Cockerell,  by 
the  Saunders-Roe  Division  of  Westland  Aircraft.  Five  years  of  testing 
and  research  on  peripheral  annular  jets,  used  by  C.  Cockerell  for 
creating  and  maintaining  air  cushions,  was  b'ung  realized.  The  SRN1 
was  destined  to  become  the  forerunner  of  a  whole  series  of  craft,  with 
the  first  two  letters  designating  the  name  of  the  firm's  division 
[80].  All  of  these  ACV's  arc  regarded  as  Class  A  craft.  The  ex¬ 
perience  gained  in  the  building  and  testing  of  the  SRN1  was  used  by 
all  foreign  firms  in  constructing  their  ACV’s. 

The  Westland  firm  soon  became  a  large  producer  of  these 
craft.  Meanwhile,  other  English  firms  were  working  toward  creation 
of  an  ACV,  e.g.  Vickers -Armstrong,  Britten-Normen,  and  Denny  Hovercraft. 

In  1966  a  new  company,  British  Hovercraft  Corp.,  was  formed  by 
stockholders  such  as  Westland  Aircraft  and  Vickers  and  the  National 
Corporation  for  Research  and  Development.  The  company  was  created 
for  the  purpose  of  channeling  all  the  economical  and  technical  re¬ 
sources  of  British  industry  into  one  area  —  the  creation  of 
air  cushion  devices,  doing  away  with  unnecessary 
duplication  of  efforts.  Craft  designs  put  out  by  the  new  company 
bore  the  designator  BH  as  the  first  two  letters  of  their  names. 

The  hull  of  the  SRN1  was  an  oval  platform,  9.2  meters  long  and 
7.6  meters  wide,  with  a  vertical  cylindrical  shaft  set  in  the  center. 


-20- 


A  six-bladed  fan  with  a  diameter  of  3.1  meters  was  located  inside  the 
shaft  and  was  powered  by  a  435  h.p.  01 vis  Leonides  piston  aircraft 
engine.  Compressed  air,  flowing  under  the  bottom  through  the  dual- 
- contoured  peripheral  jet,  created  two  concentrated  air  gates  to  pro¬ 
tect  the  air  cushion.  The  jjets  were  inclined  at  30°  angles  to  the 
base.  Originally,  the  propellers  maintained  side  air  channels,  per- 

♦  mitting  the  use  of  a  jet-traction  of  the  .compressed  air  coming  from 

the  fan.  Utilization  of  this  system  allowed  speeds  of  25  knots  for 
a  fully  loaded  craft  of  3.9  tons. 

G  The  hull  of  the  craft  was  made  light,  yet  strong,  by  using  rivets 

and  spot-welds.  A  cabin  for  the  driver  and  one  passenger  was  situated 
in  the  bow  area.  Control  of  the  craft  was  accomplished  with  the  aid 
of  vertical  rudders,  working  in  the  air-flow  from  the  air  channels. 


Figure  10.  The  SRN1  Crossing  the  English  Channel  in  1959. 

The  ACV  SRN1  first  crossed  the  English  Channel  in  1959,  covering 
the  distance  of  48  kilometers  in  about  two  hours.  The  test  of  the  SRN1 
showed  the  possibility  to  shipbuilders  of  using  the  air-cushion  prin¬ 
ciple  in  their  craft.  There  were,  however,  a  number  of  serious  de¬ 
ficiencies  in  the  design.  Among  these  deficiencies  were:  a  small  degree 
of  seaworthy  capabilities,  very  little  jet-traction  of  the  compressed 
air,  a  general  lack  of  accommodations,  etc.  Various  skirt  designs, 
with  heights  up  to  1.2  meters,  were  worked  out  in  later  years  which 
increased  the  seaworthy  capabilities  of  the  ACV.  Problems,  with 
regard  to  lightness,  stability,  control,  etc.,  were  also  investigated. 
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A  turbo-jet  engine,  with  a  draught  of  up  to  680  kilograms  of  force, 
was  installed  which  brough  the  weight  of  the  SRN1  up  to  7.0  tons 
•and  the  speed  up  to 62  knots.  Additional  scientific  research,  plus 
the  results  from  testing  the  SRNi,  permitted  the  firm  to  proceed \with 
the  creation  of  the  first  experimental  passenger  ACV  —  the  Class  A 
SRN2,  which  was  completed  in  January  of  1962  (Figure  11).  The  main 
reason  for  designing  the  SRN^  was  to  study  the  operational  qualities 
of  the  new  type  craft  and  to  smooth  out  the  fan  and  engine  uni1-'.,  the 
control  system,  the  skirts,  etc. 


Figure  11.  The-  Ai r— Cushion  Vehicle  SRN2. 


THe  huli  of  the  SRN2.  was  oyal  with  a  .pointed  bow,  which  improved 
the  seaworthy  capability  of  th.e  craft.  The  full  weight  of  the  craft  was 
27  tons,  with  accommodations  for  passengers  in  the  mid-section  of  the 
craft  .(seats  for  70  people)  or  6.5  tons  of  freight  could  be  .trans¬ 
ported.  The  basic  characteristics  of  the  SRN2  are  given  in  Table  1. 

The  wheelhous.e  was  located  in  the  bow  section  of  the  craft,  in 
the  stern  section  was  the  machinery  compartment,  in  which  the  four 
main  engines  (two  pair  of  Blackburn  A-129  Nimbus  helicopter  gas  tur¬ 
bines,  with  a  maximum  power  of  970  h.p.  and  a  rated  power  of  815  h.p.) 
were  mounted.  Each  pair  of  engines  led  to  a  fan  and  an  air  screw. 

The  drive  war  accomplished  through  a  general  reduction  gear,  a  hori¬ 
zontal  and,  ’  -rtical  shaft  and  an  angular  reduction  system  of  the  trans¬ 
mission.  A  diagram  of  a  similar  gear  is  shown  in  the  lower  portion  of 
Figure  IS  for  the  SRN3  A  mechanical  drive,  worked  out  for  the  SRN2 
in  tne  same  for.*  as  a  helicopter's,  proved  successful  and  was- utilized 
.in  all  the  following  craft. 

Air  to  all  tho  engines  entered  the  machinery  compartment  through 
special  filters  arranged  along  the  sides,  which  separated  the  sea  water 
and  spray  from  i ft . 


TABLE  1.  PERFORMANCE  AND  TECHNICAL  FEATURES  Or  EXISTING  ACV's 
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'Note:  In  the  line  "seating  capacity"  there  is  one  variation  forcargo  also. 


Centrifugal  fans  with  drive-wheels  3.8  meters  in  diameter  and 
with  12  aviation -type,  fixed  blades  .'were  installed  on  the  SRN2.  The 
blades  of  each  wheel  were  of  riveted  construction,  finished  with 
sheets  of  iight  alloys,  and  fastened  to  a  cast  hub.  Air  from  the 
atmosphere  was  gathered  by  the  fans,  by  means  of  two  air-compressors 
installed  on  the  pylon  foundations,  then  combined  under  the  pylons  into 
a  common  air-water  mixture.  From  the  fan,  air  went  to  the  peripheral 
flexible  nozzles  and  internal  jets  and  separated  the  air  cushion  into 
sections. 

The  SRN2,  in  contrast  to  the  SRN1,  developed  another  method  of 
sectioning  the  air  cushions:  a  peripheral  nozzle  was  provided  inside 
the  fore  and  aft  pneumatic  keel,  and  diagonal  nozzles  which1  ensured 
better  characteristics  of  stability  than,  in  the  dual-contour  annular 
jet..  Two  air  screws  which  regulated  the  pitch  in  the  rotating  pylons, 
with  a  turning  radius  of  30°  on  each  side,  were  installed  to  improve 
the  quality  of  movement.  The  4-bladed  screws  had  diameters  of  3.0 
meters,  were  built  of  light  alloys,  and  had  Hydraulic  mechanisms 
for  changing  the  screw  pitch.  Redistribution  of  power  from  each 
pair  of  turbines,  between  the  screws  and  the  fans,  was  ensured  by 
altering  the  corner  mountings  of  the  screw  blades.  In  suspension 
rate,  i.e.  in  the  absence  of  speed,  about  90%  power  could  be  given' to 
the  fans,  and  at  great  speeds  about  50%  power  or  more  could  be  given 
to  the  screws. 

In  addition  to  the  screws,  a  draught  in  the  SRN2  was  created  be¬ 
cause  of  the  reactions  in  the  jet  flow,  which  made  about  20%  of  the 
total  draught.  Control  of  jet  flow  in  the  stem  was  attained  by 
using  deflector  blades  in  the  rigid  jets  and  -inclining  the  diaphragm 
20-30°  in  the  flexible  nozzles.  During  movement,  with  an  inclined 
jet  in  the  stem,  there  was  a  trim  difference  and  an- aerodynamic 
lifting  force  on  the  hull,  which  made  up  about  10%  of  the  total 
lift  force  for  the  SRN2. 

Resistance  to  movement,  at  operating  speeds  of  the  SRN2,  occurred 
only  over  10-20%  of  the  entire  craft. 

Control  of  the  movement  of  the  SRN2  was  brought  about  by: 
changes  of  screw  pitch,  turning  of  the  pylons,  horizontal  stabilizers 
and  rudders.  Various  combinations  of  positions  for  the  organs  of 
control  were  ensured  with  the  aid  of  a  steering  column. 

On  the  original  SRN2,  a  flexible  skirt  was  attached,  with  a 
height  of  0.6  meters  and  having  flexible  jets,  the  design  of  which 
is  shown  in  Figure  8b. 

A  flexible  skirt  with  a  height  of  1.2  meters  was  installed  on 
the  ACV,  at  the  end  of  1963,  composed  of  a  flexible  bag  with  flexible 
jets.  The  design  features  of  this  flexible  skirt  we re  briefly  examined 
in  the  introduction. 
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Hie  necessary  navigational  and  communications  equipment  were 
installed  on  the  SRN2,  in  particular,  a  navigational  radar  to  avoid 
collisions  with  ships  and  buoys  .during  the  testing  phase.  During 
1962-63,  the  SRN2  with  flexible  skirts  of  0.6  meters  underwent  testing 
in  the  Solent  Spithead  (where  steep,  short  waves  up  to  1.2  meters 
prevail)  and  in  the  open  sea  (with  wave  heights  up  to  2  meters). 

Later,  the-  SRN2  was  operated  in  trial  runs  in  the  Solent  Spit- 
head,  in  the  Bristol  Channel,  made  several  lengthy  sea  crossing  along 
the  coast  of  England,  and  also  was  demonstrated  in  Canada  and  other 
countries.  Today,  the  craft  has  served  its  purpose. 

§2.  The  SRN3 

The  general  composition  of  the  SRN3  was  not  successful,  because 
of  the  small  area  for  a  passenger  salon.  In  connection  with  this,  the 
Westland  firm  made  modifications  to  the  craft  and  changed  the  designa¬ 
tion  to  SRN2Mk2.  By  lengthening  the  salon  3  meters,  it  increased  the 
seating  capacity  to  ISO  people. 

Construction  of  the  craft  was  begun  on  the  Isle  of  Wight  in 
November,  1962.  In  March,  1963,  the  English  Ministry  of  Aviation 
contracted  the  firm  to  create  a' test  military  ACV,  some  changes  were 
made  to  the  SRN2Mk2  and  the  military  version  was  designated  SRN3 
[84,  97],  Investing  the  craft,  it- had  to  be  evaluated  in  open 
coastal  waters  for  use  in  anti-submarine  patrols,  as  a  landing  craft, 
in  mine-sweeping  operations,  and  for  coastal  patrols.  Construction 
of  the  SRN3  was  completed  in  October,  1963.  In  July,  1964,  having 
been  factory  tested,  the  SRN3  was  turned  over  to  the  armed  forces 
unit  (IHTU)  which  tests  all  ACV's  in  a  special  program.  This  unit 
also  carried  out  control  of  designing  and  construction  of  the  SRN3, 
and  observance  of  the  special  requirements.  The  SRN3  could  transport 
70  soldiers  with  full  field  packs  or  four  cross-country  vehicles  of 
the  LandRover  type,  or  various  other  military  equipment.  A  general 
view  of  the  SRN3  is  shown  in  Figure  12  and  13,  with  the  basic  charac¬ 
teristics  in  Table  1. 

The  design  of  the  SRN3  was  identical  to  that  of  the  SRN2. 

The  basic  differences  between  them  consisted  in  the  following. 

The  increased  hull  length  was  due  to  extra  central 
sections .of  3.2  metersj  the  height  of  the  cargo"  area  was 
increased  to  2.1  meters  for  the  storing  of  military  equipment,  as 
opposed  to  1.8  meters  in  the  SRN2,  rounding  the  sides  provided  bigger 
loading  ramps  with  hydro-drive  for  lifting  and  lowering;  the  design 
of  the  wheelhouse  was  changed;  to  improve  the  main  engines,  they  were 
replaced  with  the  more  powerful  Gnome  gas  turbines  of  the  Bristol- 
-Siddeley  firm;  Rover  auxiliary  gas  turbines  with  Shottel  lifting 
turbo-fin  .complexes  were  installed,  ensuring  in  the  movement  of  the 


craft  a  displacement  rate,  maneuverability  (accomplished  by  an  aft 
stabilizer),  and  mechanical  contact  for  suspension  of  its  rudder; 
stationary  auxiliary  stabilizers  were  mounted  on  the  right  and  left 
sides;  the  fuel  tank  capacity  was  increased;  changes  in  the  hydraulic 
system  and  electrical  power  system  were  made,  and  radio-navigational 
and  special  apparatus  were  installed. 


Figure  12.  The  Air  Cushion  Vehicle  SRN3. 

The  principal  diagram  for  creating  air  cushions  in  the  SRN3  is 
shown  in  Figure  14. 

A  feature  of  the  SRN3  was  the  use  of  flexible  skirts  of  an  improved 
design  to  attain  a  height  of  1.2  meters.  The  skirts,  composed  of  a 
flexible  bag  with  flexible  jets,  provided  the  possibility  of  lift  inside 
the  hull  to  aid  the  lines  and  hydraulic  systems. 

It  was  assumed  that,  by  lifting. the  flexible  skirts  to  decrease  re¬ 
sistance  and  to  increase  speed  in  the  displacement  rate  of  the  moving 
craft,  the  operable  time  would  be  increased  considerably  (a  valuable 
quality  for  a  military  ACV),  The  operable  time  of  the  SRN3,  at  full 
speed,  is  about  three  hours  due  to  the  great  expenditure  of  fuel  by 
the  gas  turbines  and  the  limited  reserves.  By  lifting  the  skirts,  how¬ 
ever,  a  considerable  increase  in  the  speed  of  the  SRN3's  displacement 
was  not  realized  because  of  the  poor  hydrodynpmic  by-pass.  In  operating 
the  twin  auxiliary  Rover  25/150  gas  turbines  and  the  Shottel  screw- 
- rudder  complex  and  in  raising  the  flexible  skirts,  the  required  speed 
for  displacement  rate  equalled  8  knots  in  calm  water  and  6  knots  over 
waves.  Maximum  power  for  each  of  the  Rover  25/150  turbines  was  150  h.p. 
The  screw-rudder  complexes  did  the  lifting  and  were  equipped  with 
movable  flexible  screws  of  nylon,  with  diameters  of  0.76  meters. 
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Figure  T3*  Structural  Design  of  the  SRN3. 


Figure  1*».  Principal  Diagram  for  Creating  Air  Cushions  in  the  SRN3 
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In  joining  the  separate  sections  of  flexible  skirts  onto  the  SRN3, 
as  was  done  in  all  following  models,  the  builders  considered  adhesives 
and  rivets  and  fastened  the  upper  edges  of  the  skirts  to  the  bottom 
and  the  thwart  riser  to  aid  the  joint  pin  and  ensure  quick  replacement 
of  separate  skirt  elements.  The  skirt's  material  was  a  corded  rubber- 
-proofed  substance. 

To  the  bottom  of  the  hull  were  fastened  eight  steel  landing  cushions 
with  rubber  shock  absorbers,  ensuring  the  craft's  landing  on  dry  land 
without  damaging  the  flexible  skirts.  For  ferrying  the  craft  across 
land,  supports  were  provided  on  which  wheel-chassis  were  fixed. 

To  ensure  a  360°  field  of  vision,  the  wheelhouse  was  placed  high 
on  the  superstructure.  Besides  improving  the  field  of  vision,  the 
location  of  the  wheelhouse  was  dictated  by  the  necessity  of  placing 
special  equipment  and  military  posts  in  the  bow  section. 

The  crew  of  the  SRN3  consisted  of  6-8  people. 

Four  converted  helicopter  Gnome  gas  turbine  engines  from  the  Bristol 
-Siddeley  film  represented  the  main  engines .  At  maximum  power,  each 
engine  had  1050  h.p.  and  an  expenditure  of  284  grams  of  fuel  per  h.p. 
per  hour,  which  ensured  a  rated  speed  of  about  70  knots,  and  at  pro¬ 
longed  speeds  —  900  h.p.  and  a  fuel  consumption  of  295  grams  per  h.p. 
per  hour,  witji  a  speed  of  about  60  knots.  In  Figure  15,  there  is  a 
diagram  of  the  transfer  of  power  from  one  pair  of  engines  to  the  fan- 
-screw  complex,  with  reduction  gear  producing  a  stepped  decrease  to 
1750  ROM's  of  the  screw  shaft  and  550  RPM's  for  the  fan  shaft.  As  in 
the  SRN2,  there  were  two  engines  on  the  right  side  which  led  across 
to  the  horizontal  shaft,  the  stem  fans  and  screws,  and  on  the  left  — 

"a  pair  of  engines  led  to  the  bow  fansand  screws.  There  was  no 
connection  between  the  engine  shafts  on  the  right  and  left  sides.  The 
centrifugal  fans  and  screws  on  the  SRN3  were  like  those  on  the  SRN2, 
except  that  on  the  SRN3  the  diffusion  rings  around  the  fans  were  re¬ 
linquished. 

The  air  screws  had  a  turning  radius  of  the  fixed  blades  of  +35  to 
-30,°.  The  turning  radius  of  the  pylon  was  ±30p.  In  turning  the  rear 
pylon,  thanks  to  mechanical  contacts,  the  stabilizer  was  turned  simul¬ 
taneously  by  suspending  the  rudder.  Maximum  comer- deviation,  of  the 
stabilizer  was  ±20°:;'  maximum  comer  deviation  of  the  rudder  twice  as 
much. . 


The  turning  gear  of  the  pylons  and  stabilizer  was  electro-hydraulic. 

In  the  SRN3,  in  addition  to  the  basic  turn  stabilizers  mounted  along 
the  side,  there  were  two  stationary  stabilizers  in  the  stem,  with  an 
outside  under  the  comer  ‘incline  of  25*.” 


Figure  15.  The  Drive  System  of 
the  Screw  and  Fan  in  the  SRN3. 
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In  the  craft's  hydrualic  system,  the  fluid  DTD-S85  was  used  for 
operating  at  pressures  of  210  kilogram  forces  per  cm2.  Each  pair  of 
main  engines  started  a  hydro-pump,  which  served  an  automatic  hydro¬ 
system  for  turning  its  own  pylon.  Each  auxiliary  engine  started  a 
hydro-pump  vihich  served  independent  hydrorsystems  for  turning  stabilizers 
and  rudders,  lifting  and'  lowering  the  flexible  skirts  and  ramps,  and 
for  the  screw-rudder  complex.  If  necessary,  these  hydro-systems  could 
duplicate  each  other.  The  auxiliary  engines  also  started  a  12  kilo¬ 
watt  generator. 

In  such  a  way,  one  of  the  Rover  auxiliary  gas  turbines  ensure  that 
the  generator  and  the  hydro-systems  were  working,  and  acted  to  momen¬ 
tarily  prepare  the  craft  for  take-off. 

The  driver's  controls  were  like  those  used  in  aircraft  including,  as 
in  the  SRN2,  a  steering  column  with  a  steering  wheel,  a  control  lever  for  ■ 
screw  pitch  in  all  ranges  (the  column  allowed  one  to  alter  the  screw  pitch 
not  more  than  1/3  of  the  maximum).  In  contrast  to  the  SRN2,  the  SRN3 
had  foot  pedals  for  controlling  the  turning  of  the  rudder.  On  the 
instrument  panel,  situated  in  front  of  the  driver,  were  indicators  for 
screw  pitch,  turning  of  pylons,  trim  difference,  corner  incline  of  the 
stabilizers,  relative  nautical  and  air  speeds,  turbine  and  auxiliary 
engines’  RPM's,  turning  of  the  column,  and  others. 

The  navigational  equipment  and  means  of  radio-communication  provided 
in  the  SRN3  were:  a  Decca  969  navigational  radar,  gyro-compass  and 
magnetic-compass,  a  shortwave  radio  sets  (with  sets  working" in 
the  10  meter  .band  and  reserve/emergency  VHF  setJJ’and  a  DoppTer 
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effect  gauge  for  relative  air  speeds  of  the  ACV.  During  the'  testing  of 
the  SRN3  as  an  antisubmarine  ship,  a  hydro-acoustical  station  was  in-  . 
stalled. 

In  operating  the  SRN3,  it  was  possible  to  alter  the  weight  of  the 
craft  from  25  to  42.5  tons.  This  depended  on  changes  in  the  weight  arid 
speed  of  the  craft,  its  lift  height  over  the  support  surface.  So,  at  a 
weight  of  37.5  tons  and  with  main  engine  power  at  4X906  h.p.,  clearance 
was  increased  between  the  flexible  skirts  and  the  support  surface  by 
0,23  meters  and  the  lift  height  of  the  bottom,  by  1.45  meters.  With 
engine  power  of  4X1050  h.p.,  clearance  was  increased  by  0.32  meters. 

In  normal  operating  conditions  and  at  speeds  of  about  70  knots,  clearance 
was  increased  by  0.15  meters. 

In  conditions  of  irregular  waves,  where  wave  heights  reached  1.5 
meters,  operation  of  the  craft  was  possible  if  the  speed  was.  decreased. 
Moving  along  the  coast,  the  SRN3  ably  overcame  heights  of.  1.2  meters  at 
speeds  of  more  than  18  knots,  and  trough  widths  of  6.1  meters  and  0.8 
meters  deep  at  speeds  of  more  than  10  knots.  Tests,. of  the  SRN3  proved 
the  possibility  of  its  operation  in  state  3-4  sea  conditions  and  per¬ 
mitted  the  Westland  firm  to  begin  work  on  an  ACV  with  a  larger  displace¬ 
ment,  the  SRN4. 

§3.  The  SRNli 

The  SRN4  was  a  Class  A  ACV,  with  a  total  weight  of  167.6. tons  and  was 
one  of  the  largest  ACV's  built  in  current  times  [85 , ' 98} .  It  was  the 
first  ACV  with  a  higher  seaworthy  capability,  built  for  operation  in 
the  open  sea  with  wave  heights  up  to  4.0  meters.  The  SRN4  was 
designed  to  transport  cargo/passengers  across  the  English  Channel. 

Planning  of  the  SRN4  was  begun  in  December,  1964.  In  June,  1965,  the 
two  Swedish  firms  of  Swedish  Lloyd  and  Swedish  American1  Lines  signed 
contracts  with  the  Westland  firm  for  a  5-year  lease  on  two  SRN4’s  and 
two  SRN6's  for  operation  in  the  English  Channel  between  Ramsgate  and 
Calais,  a  distance  of  27  miles.  In  compliance  with  these  contracts, 
the  Westland  firm  began  construction  of  the  two  SRN4's.  In  January,  1966, 
still  another  order  was  received  for  an  SRN4,  from  the  English  firm  of 
British  Rail  Hovercraft,  which  planned  to  operate  it  from  Dover  to  Calais. 

The  first  SRN4  was  built  on  the  Isle  of  Wight  at  the  end  of  1967, 
the  second  one  in  the  beginning  of  1969,  A  general  view  of  the  craft 
and  a  construtive  diagram  of  it  are  shown  in  Figure  16  and  17,  with  its 
basic  characteristics  shown  in  Table  1. 

In  constructing  the  hull,  a  honeycomb  construction  was  used  exten¬ 
sively.  The  deck  and  the  bottom  of  the  hull  were  composed  of  panels  made 
from  two  sheets  of  light  alloys,  between  which  were  placed  honeycombs  of 
packed  foil.  The  panels  were  manufactured  with  dimensions  of  1.2  *  2,4 
meters,  and  the  thickness  of  the  packing  was  38  millimeters. 
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Figure  16.  The  A i r-Cushion.. Vehicle  SRM. 

! 

The  bonding  of  the  honeycomb  packing  to  the  sheets  of  planking  was 
accomplished  with  the  aid  of  special  adlycsr.ves . 

Bonding  the  rigid  ribs  and  the  roof  panels  pf’  the  superstructure  1 
also  was  accomplished  with  adhesives.  •  1  , 

»  * 

The  hull  was  divided  into  24  watertight  compartments.  Each  compartment 
was  formed  from  several  panels.  The  panels  were  joined  by  bolts  and 
rivets  into  larger  sections. 


The  total  size  of  the  hull,  more  tfcan  550  m3,  created  a  buoyancy 
of  250%:.  '  1 

t 

At  the  bottom  stood  S  landing  cushions,  with  heights  of  0.5  m, 
used  to  land  the  craft  on  ground.  The  cushions  were  made  of  highly- 
-durable,  light-weight  alloys  and  had  rubber  shock  absorbers.  The 
lift  height  was  insufficient  inspection  and  repair  of  the  skitts. 
Therefore,  six  supports  were  provided  on  the  craft  ensuring  its  lift 
to  greater  heights  by  installing -hydraulic  jacks. 


(Mi 


•SSSUv 


Figure  17.  Structural  Design  of  the  SRM. 
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On  the  cargo  deck,  up  to  30  cars  could  be  accommodated.  The  lateral 
sections  of  the  deck,  between  the  air- conducting  fans,  could  be  outfitted 
as'  passenger  cabins  with  lightweight  bulkheads  (Figure  18) .  the  central 
part  of  the  cargo  deck  was  4.9  meters  wide  and  meant  for  accommodating 
buses  or  vehicles  that 'weight  up  to  9  tons  with  maximum  cargo  on  the 
axles  of  5.9  tons  and  having  corresponding  supports.  The  remaining  part 
of  the  deck  permitted  places  for  cars  with  loads  no  greater  than  2.0  tons. 
The  deck  had  a  non-slip  covering.  The  height  of  the  mid-deck  area  was 
3.4  meters. 


Figure  18.  The  General  Layout  of  the  SRN4:  a,  passenger  version; 
b,  cargo/passenger  version. 

Key:  1,  store-room;  2,  ladder  to  the  deckhouse;  3,  lavatory; 

4,"  baggage  compartment;  5,  main  entrance;  6,  electrical  equip¬ 
ment;  7,  crew  entrance;  8,  passenger  accommodations;  9,  auto- 
mobi les. 
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To  speed  up  the  loading  and  unloading  of  automobiles,  the  SRN4 
was  equipped  with  bow  and  stem  ramps.  The  former  had  a  width,  of 
5.5  meters  and  a  height  of  3.5  meters;  the  latter  had  a  width  of  9.45 
meters  and  was  3.5  meters  high.  Loading  of  cars  took  place  in  the 
stem  and  unloading,  in.  the  bow;  both  loading  and'  unloading  could 
be  done  simultaneously. 

Passengers  were  accommodated  in  cabins  along  the  sides  and  in  the 
front  extremities  of  the  craft.  The  passenger  deck  was  set  0.8  meters 
above  the  cargo  deck  and  was  attached  to  the  hull  by  means  of  tubular 
pillars;  As  in  the’SRN3,  the  receiver  for  the  fans,  was  in  the  lower 
deck  area. 

The  wheelhouse,  situated  in  the  bow  extremity  of  the  craft,  had  a 
tear-drop  shape  and  was  raised  above  the  roof  of  the  superstructure  to 
ensure  a  360°  view:.  The  wheelhouse  accommodated  three  crew  members: 
the  commander  (who  was  also  the  pilot),  the  engineer-mechanic  (who  was 
also  the  radio  operator),  and  the  navigator  (who  was  also  the  radar 
operator).  In  accordance  with,  this  arrangement,  there  were:  three  chairs 
in  the  wheelhouse  and  an  extra  one  for  a  co-pilot. 

A  design  for' flexible  skirts,  like  those  used  in  earlier  craft, 
was  used  by  the  company.  Some  changes  in  the  design  of  the  skirts  con¬ 
sisted  in  the  flexible  jet,  previously  joined  to  the  flexible  bag,  being 
changed;  in  the  bow  and  lateral  sections  to  diametrically-distributed 
elements  of  an  open  type  which  made  up  1/3  of  the  skirt's  height. 

There  was  a  lower  tier  of  skirts  in  the  stem  section  and  the 
skirts  which  separated  the  air  cushion  into  sections  were  composed 
of  cone-shaped  elements  (diametrical lyr distributed  closed  type 
elements)  of  greater  rigidity.  The  material  for  the  flexible  skirts 
was  standard,  with  the  lower  tier  of  skirts  composed  of  material  less 
thick  than  the  flexible  bag.  The  elements  of  the  skirts  were  bonded 
together  by  adhesives  and  rivets  with  metal  washers. 

The  four  main  engines  of  the  SRN4  were  converted  aircraft  gas 
turbines,  with  an  independent  Proteus  turbine  from  the  Bristol-Siddeley 
firm,  used  for  the  first  time  in  an  ACV-.  At  a  maximum  power  of  4250 
h.p„,  the  expenditure  of  fuel  was  272  grams  per  h.p.  per  hour;  with  the 
engine  power  at  3400  h.p.,  the  expenditure  was  290  grams  per  h.p.  per 
hour.  The  important  advantage  of  the  engines  was  the  possibility  of 
their,  operating  on  diesel  fuel,  considerably  lowering  the  danger  of 
fire.  The  dry  weight  of  the  engine  was  1410  kilograms,  with  a  resource 
of  1500-2000  hours.  The  engines  wore  arranged  into  twin  stem  units, 
with  two  on  each  side.  Each’  engine  operated  a  fan-screw  complex,  com¬ 
posed  of  a  centrifugal  12-bladed  fan  with  fixed  blades,  3.5  meters  in 
diameter,  and  a  4-bladed  air  screw  with  variable  pitch,  5.8  meters  in 
diameterv 
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The  screw  blades  of  the'SRN4  were  made  entirely  of  aluminium 
alloys,  and  their  front  edges  were  nickel-plated  for  protection  from 
corrosion. 

The  layout  of  the  SRN4’s  drive  screws  and  fans  was  similar  to 
that  of  the  SRN2,  except  that  each  complex  worked  off  of  one  engine 
instead  of  two.  Redistribution  of  power  between  the  screws  and  fans 
aided  in  giving  variable  pitch  to  the  screws.  Typical 'distribution 
of  the  power  of  one  engine  consisted  of:  2000  h.p.  for  the  screw  and 
•150  h.p.  for  the  fan-,  with  the  remaining  250  h.p.  spent  in  driving 
he  auxiliary  units,  loss  in  the  transmission,  etc. 

The  drive  shafts  of  the  engines  were  components  with  flanges 
connected  to  a  pipe  of  lightweight  alloys *  about  2.3  meters  in,  length. 

The  drive  shafts  to  the  stern  fan-screw  complexes  were  relatively  short, 
while  those  to  the  bow  reached  18.3  meters.  At  such  a  length*  the  shaft  con¬ 
ductor  could  change  in  form  under  operating  conditions.  To  avoid  this 
deformation,  self-centered  sleeves  and  bearings  were  used.  The  design 
of  the  vertice,!  shafts  were  similar  to-  the  horizontal  ones.*,  however, 
the  shafts  which,  turned  the  screws  were  steel*  as  they  had  to  transfer 
greater  torque.  Through  ’the  basic  reduction  gear,  the  auxiliary  cog-type 
transmission  was  aided  by  taking  power  to  drive  the  oil  pump  and  hydro- 
-pump,  which  ensured  shifting  of  the  pylons  and  putting  the  helm  over. 

All  engines  and  mechanisms  were  easily  accessible  for  inspection, 
servicing,  and  easy  dismantling.  Even  the  operational  drive  wheel  of  the 
fan  could  be  dismantled  and  unloaded  onto  the  cargo  deck. 

To  operate  the  craft  with  one  of  the  engines  stopped,  speed  had  to 
be  decreased  to  maintain  the  air  cushions.  In  such  an  event,  air  leakage 
from  the  cushions  through  the  idle  fan  was  prevented  by  covering  the 
aperture  with  a  special  roof,  which  could  be  put  in  place  from  the  wheelhouse 
by  a  hydraulic  drive.  In  day-to-day  servicing,  these  roofs  were  utilized 
for  approaching  and  inspecting  the  upper  reduction  gear  in  fairing  the 
screw. 

The  fuel  was  stored  in  12  fuel  tanks,  located  in  the  area  of  the 
fans  and  separated' into  four  groups,  with  three  tanks  in  each  group.  Such 
distribution  of  the  fuel  satisfied  the  requirements  for  its  maximum 
extraction  from  the  cargo  deck,  and  also  its  utilization  to  improve  the 
bal-A&St.  in  the  trim-difference  system.  Each  group  had  one  pump  attached 
to  a  main  engine,  and  two  larger  independent  pumps  which  could  be  utilized 
for  trimming  or  for  feeding  fuel  to  the  engines  in  case  the  basic  pump 
went  out.  Refueling  could  be  accomplished  in  6  minutes. 
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Special  attention,  in  planning  and  building  the  SRN4,  was  given 
to  the  problem  of  noise.  To  solve  this,  speed  was  decreased  in  the 
screws  (to  ,0.6  ,  Ma,.  instead'  of  0.8-0.85  Ma  as  in  previous  craft),  and 
the  internal  noise  was  reduced,  ; thanks  to  the  well-planned  placing  of 
basic  equipment. 

Air  moved  through  two  air-gates,  situated  along  the  sides,  to  the 
engines.  To  decrease  the  noise-level,  the  area  of  the  air-gate  was 
increased",  and  effective  filtration  of  air  from  sand  and  spray  was 
ensured1  with  the  help  of  a  cotton  gauze_filter.  A  special  system  of 
baths  was  provided  to  remove  the  salt  deposits  from  the  engines . 

The  quality  of  electrical  energy  sources  for  the  craft  was  enhanced 
by  mounting  two  AC  generators  (200  volts,  400  cps,  with  55  kilowatt  amps 
of  power)  in  the  machinery  compartments  on  the  right  and  left  sides,  which 
drove  the  two  auxiliary  Rover  15/90  gas  turbine  engines.  The  generators 
worked  independently  of  each  other,  each  in  its  own  tyre.  In  the  event 
that  one  went  out,  the  other  could  feed  both  tyres.  The  ventilation  system 
and  network  of  lighting  were  the  basic  AC  consumers.  A  DC  system,  with 
tension. of  28  volts  and  112  volts,  was  aided  by  rectifiers.  The  current 
tension  of  28  volts  was  used  to  feed  the  control -measuring  instruments 
and  for  sub-loading  the  24 -volt ‘storage  batteries,  which  were  adapted 
for  the  engine  thrust  of  the  Rover  15/90.  The  112-volt  current  tension 
was  used  for  the  main  engine  thrust.  Transfer  of  energy  from  sources 
on  the  shore  was  also  possible. 

A  bilge  system  was  provided  to  ensure  draining  of  any  compartment, 
or  all  compartments  simultaneously.  Drainage  pipes  from  each  compartment 
led  to  one  of  four  tanks,  serviced  by  an  electrical  pump. 

To  attain  high  reliability  in  control  of .the  craft,  several  in¬ 
dependent  hydraulic  systems  were  employed.  One  of  them  ensured  operation 
of  the  bow  ramp,  the  special  roofs  of  the  fans,  and  the  passenger  gang¬ 
plank  on  the  right  side,  the  other  --  operation  of  the  stem  ramp,  the 
special  roofs  of  the  fans,  and  the  gang-plank  on  the  left  side.  Each 
pylon  had  its  own  electrohydraulic  movement  system  with  drive  from  ah 
independent  hydro-pump.  This  was  how  the  electrohydraulic  systems  were 
used  for  turning  the  rudder  and  changing  the  screw  pitch. 

.  The  control  system  did  not  differ  greatly  from  that  of  the  SRN3. 

The  control  organs  of  the  craft  were:  the  four  movalbe  pylons  with 
variable-pitch  air  screws  and  two  stabilizers  and  rudders  operating  in 
the  s.lip-stream.  Movement  of  the  pylons  was  ±35° ,  ±30°  for  the  stabilizers, 
and  ±4ti  for  the  rudders. 

The  necessary  radio  and  navigational  equipment  were  installed  in  the 
craft,  including:  shortwave  and  VHF  radio  stations,  an  inter-com  system, 

Decca  navigational  radar,  a  gyrocompass  and  a  magnetic  compass,  relative 
water  and  air  speed  indicators,  turn-speed  indicator,  etc.  Two  Doppler  gauges 
for  measuring  speed  and  drift  were  probably!  mounted  in  the  stem  along  the 
left  side'  of  the  SRN4 . 
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§1*.  The  SRN5  and  S.RN6 

The  proven  design  and  operation  of  the  SRN1,  SRN2,  and  SRN3  craft 
permitted  the  Wjestland  firm  to  set  about  creating  a  small  Class  A  ACy  — 
—  the  SRN5  (full  weight  6.7  tons)  and,  subsequently,  its  modification  — 
the  SRN6  (full  weight  9.1  tons)  [86,  87].  The  goal  was  to  build-a 
multi-purpose  speedy  craft,  which  could  move  in  coastal  waters  and 
straits,  and  could  be  used  for  first-class  passenger  or  cargo  service, 
search  and  rescue  missions,  landing  and  disembarking,  as  a  fire  or 
medical  craft,  and  also  for  coastal  patrols.  Today,  these  craft  are 
turned  out  in  variants  for  passanger,  cargo,  and  Military  use.  The  firm 
sought  to  create ra  series,  sufficiently  inexpensive, and  reliable,  which 
would  be  of  interest  to  a  wide  cross-section  of  buyers,  A  general  view 
of  the  SRN5  and  its  constructive  design  are  shown  in  Figures  19  and  20, 
with  its  basic  characteristics  appearing  in  Table  1. 


Figure  19.  The  SRN5  Air  Cushion  Vehicle. 


The  first  SRN5  was  built  in  April,  1964.  The  ninth  craft  of  this 
series  was  a  modified  version,  which  was  designated  SRN6.  The  basic 
difference  consisted  in  the  hull  being  lengthened  by  2.95  meters.  The 
SRN5  and  SRN6  series,  when  completed,  will  consist  of  60  craft. 

The  first  trial  run  of  the  SRN5  was  in  the  Solent  Spithead  in 
July,  1964.  Today,  a  number  of  English  companies  (Hovertravel ,  British 
Rail  Hovercraft,  Hoverlloyd)  and  companies  in  other  countries  are  using 
these  craft  in  regular  passenger  service.  In  two  years  of  operation, 
more  than  a  million  passengers  were  transported  on  these  craft. 
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Figure  20.'  The  Constructive  Design  of  the  S RNf> * 

A  great  deal  of  interest  in  the  SRN5  and  SRN6  was  shown  by  the  armed 
forces  of  England  and  the  U.S.A.  Three  SRN5  craft  were  turned  over  to 
them  for  testing  and  evaluation  of  their  potential  for  military  uses  by 
the  armed  forces  unit  referred  to  earlier  as  the  IHTU. 

In  England,  in  1967,  the  first  unit  of  military  ACV's  was  formed, 
consisting  of  four  SRN6's  intended. for  use  as  transport -landing  craft. 

A  similar  unit  was  proposed  for  the  Navy. 

Three  of  the  seven  ARN5  craft,  pux'chased  by  the  Bell  Airsystems  firm, 
were  turned  over  to  the  U.S.  Navy  which,  after  installing  American-made 
GELM-160  gas  turbines  in  them,  changed  the  designation  to  SK-5.  These 
craft,  called  patrol  ACV's,  were  armed  and  took  part  in  the  aggressive 
war  in  Vietnam  from  1967-68.  They  then  underwent  modifications  for  heavier 
armament,  were  armor-plated  and  in  1968,  they  were  again  sent  to  Vietnam. 
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The  body  of  the  SRN5  and  SRN6  was  composed  of  a  central  compartment 
for  buoyancy  and  two  removable  side  sections.  The  width  of  the  central’ 
compartment,  in  which  a  salon  and  the  main  engine  were  located,  was 
2.5  meters  permitting  the  craft  to  be  transported,  in  disassembled  form, 
on  aircraft  and  by  railway.  The  body  and  the  superstructures  were  riveted 
together,  using  the  anodized  light  alloy  L-72.  For  the  air-gates,  fans, 
and  small  sections  of  the  superstructures,  glass  reinforced  plastic 
was  used.  Below  the  waterline,  the  compartments  were  divided  into  a 
number  of  watertight  compartments.  To  ensure  watertightness,  the  space 
between  them  and  the  salon  was  filled  with  a  layer  of  foam.  The  reserve 
buoyancy  of  the  SRN5  was  350%  and,  by  flooding  the  salon  —  150%. 

The  passenger  salon  was  situated  in.  the  bow  section  of  the  central 
compartment  and  had  the  following  measurements:  3.7  meters  in  length, 

2.3  meters  wide,  and  1.8  meters  high  in  the  SRN5;  the  width  and  height 
in.  the  SRN6  was  the  same,  but  the  length  was  6.6  meters. 

Ventilation  in  the  salon  of  the  SRN5  was  natural;  in  the  SRN6 
it  was  artificial.  An  air  conditioning  system  was  available  for  in¬ 
stallation  on  the  SRN6.  Pressurization  of  the  salon  ensured  eliminu  ion 
of  condensation  in  windows  and  doors. 

The  passengers'  baggage  was  stowed  astern  in  two  areas  with  a 
capacity  of  2.1  m3. 

In  the  military  version  of  the  SRN5,  15  armed  personnel  could  be 
accommodated.  The  military  and  cargo  versions  of  the  SRN6  differed 
from  the  passenger  version  by  the  presence  of  a  hatch  on  the  salon's 
roof  (2.1  meters  long  and  2.3. meters  wide),  and  increase  of  1.3  meters 
in  the  width  of  the  bow  ramp,  and  also  a  strengthening  of  the  deck's 
side  sections,  ensuring  the  transfer  of  long  items  weighing  up  to 
0.5  tons.  For  the  military  version  lightly  armored  engines  and  electri¬ 
cal  equipment  were  provided/  as  well  as  accommodations  for  the  landing 
party  (bulletproof  armor  for  7.62  millimeter  projectiles).  The  military 
and  cargo  versions  of  the  SRN6  ensured  transfer  of  30  armed  assault 
troops,  evacuation  of  the  wounded,  transfer  of  a  105  millimeter  cannon 
with  its  gun  crew,  and  patrol  of  the  seacoast  with  a  120  millimeter 
anti-tank  weapon  and  its  crew,  etc. 

In  the  stem  sections  of  the  central  compartment,  separated  from 
the  salon  by  a  transverse  partition,  the  fan  and  gas  turbine  with  re¬ 
duction  gear  and  screw  were  situated,  as  well  as  a  shield  made  of  light 
alloys  for  the  additional  elastic  fuel  tank  with  a  capacity  of  1200  liters. 
On  the  compartment  deck  a  framework,  consisting  of  a  pipe  made  of  light 
alloys  and  supported  by  light  planking,  was  installed  which  formed  a 
cavity  for  placing  the  fan.  A  plastic  air-gate  was  joined  to  the  planking 
above . 

The  side  sections  formed  additional  compartments  for  buoyancy  and 
had  an  external  framework  of  light-alloy  piping,  used  for  strengthening 
the  flexible  skirts.  Near  the  central  compartment  the  sections  were 
strengthened  by  hinging. 
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On  the  SRN5  and  SRN6,  as  on  the  SRN3,  the  main  engine  was  a  Marine 
Gnome  gas  turbine,  manufactured  :by  the  Bristol -Siddeley  firm,  with  a 
maximum  power  of  1050  h.p.,  converted  to  operate  in  sea  conditions  with 
a  resource  of  1000  hours  of  power.  In  contrast' to  the  SRN3,  however,  these 
craft  did  not  have  special  machinery  compartments.  The  turbine  was 
installed  in  the  central  compartment  on  twin  tubiilar  tripods  with  four 
auxiliary  posts  for  supporting  one  of  the  tooth-gears.  Additional  support 
for  strength  came  from  the  foundation  of  the  partition  of  the  salon,  and 
the  bars  which  supported  the  screw  shaft. 

The  gas  turbine  ran  the  screw  and  the  fan  at  the  same  time.  The 
power,  used  for  both  lift  and  movement,  could  be  redistributed  depending 
on  operating  conditions  to  aid  in  altering  the  screw  pitch.  At  maximum 
power,  the  turbine  produced  1050  h.p.  and  20,960  rpm’s,  and  fan  and  screw 
had  a  turning  speed  of  950  and  2000  rpm’s  respectively.  Decelleration 
was  accomplished  through' a  system  of  reduction  gears,  the  12- 
-bladed  centrifugal  fan,  produced  by  the  Westland  firm,  had  a  diameter 
of  2.1  meters  and  was  manufactured  from  light  alloys.  The  design  of  the 
14-bladed  reversible  screw  with  a  diameter  of  2.74  meters,  from  the  firm 
of  Doughty  Rotol,  was  similar  to  that,  design  used  in  the  SRN2  and  SRN3. 

A  hydrosystem  was  used  to  alter  the  screw  pitch: 

The  fuel  used  by  the  turbines  was  kerosene,  however  it  could  also 
operate  on  light  diesel  fuel.  Expenditure  of  fuel  at  1050  h.p.  was  284 
grams  per  horsepower  per  hour  and  295  grams  per  h.p.  per  hour  at  900  h.p. 

The  fuel  was  fed  from  the  storage  tanks  to  an  engine  by  an  electric  pump 
which  put  it  through  a  water-separator.  The  fuel  flowed  from  the  tank 
through  a  branch  pipe  in  the  superstructure  by  gravity.  An  additional 
90  liters  of  reserve  fuel  in  the  SRN5  and  230  liters  in  the  SRN6  was  used 
in  place  of  ballast  for  trim  difference,  by  placing  it  into  two  different 
tanks  of  equal  capacities ;  situated  in  the  bow  and  stem. 

Air  for  the  gas  turbines 'passed  through  three  air  filters,  fixed  on 
the  side  of  the  craft  in  the  region  of  the  fan’s  air-gate,  which  eliminated 
the  sea  spray.  The  gas  turbines,  the  gears,  and  the  screw's  drive  shaft 
were  encased  in  housings  of  light  alloys.  The  location  of  the  mechanical 
installations  ensured  easy  access  to  it  from  the  decks  and  made  it  possible 
for  fast  replacement. 

Aboard  the  SRN5  a  generator  was  installed  which  had  alternating  current 
and. rectifiers  to  ensure  a  constant  current  of  power  of  60  amps  and 
tension  of  27.5  volts,.  A  24-volt  battery,  with  a  capacity  of  40  ampere 
hours,  was  used  to  start- the  engine.  On  the  military  version  of  the  SRN6, 
a  6.5  h.p.  diesel  generator  was  also  installed  for  use  when  the  craft  was 
■moored  and  the  main  engine  was  shut  off. 

The  flexible  skirts  we.re  made  of  Terylene,  a  corded  rubberized  cloth  one 
to  five  millimeters  thick,  able  to  withstand  500  kilogram  forces  per  centi- 
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meter,  they  were  1.2  meters  high  and  made  up  of  sections  1.2  to  5.2  meters 
long.  The  sections  were  bonded  together  with  an  adhesive  and  doubled 
in  a  row  of  rivets,  attached  to  a  leaning  beam  and  the  edge  of  the 
compartment  by  hinges  of  removable  pintles.  This  reinforcement  of  con¬ 
struction  ensured  fast  replacement  of  damaged  skirt  sections.'  Design- 
rwise,  the  flexible  skirts  consisted  of  a  periphery  of  flexible  skirts 
(in  the  first  version,  a  type  of  flexible  receiver  with  jets;  in  the 
final  version,  a-  type  of  flexible  receiver  with  transverse  open-formation 
elements),  with  stern  skirts  in  the  form  of  bags,  and  with  longitudinal 
and  transverse  flexible-pneumatic  keels  to  ensure  sectionalization  of 
the  air  cushions. 

After  two  cases  of  an  SRN5  capsizing  because  the  flexible  skirts  in  the 
bow  section  were -washed  off  at  high  speeds,  vertical  breakaway  ribs  were 
installed  which  consisted  of  two  rows  of  apertures  with  diameters  of 
25-50  millimeters  in  100  millimeter  degrees  to  ensure  air  lubrication  of 
the  lower  parts  of  the  skirts  from  the  outside. 

This,  together  with  other  elaborate  measures,  excluded  the  possibility 
of  the  SRN5  and  SRN6  ever  capsizing  in  operable  conditions.  The  life  of 
the  flexible  skirts  was  about  1000  hours,  although  individual  sections 
were  changed  every  200  hours.  The  design  of  the  flexible  skirts,  plus 
their  height,  ensured  the  craft's  overcoming  vertical  obstacles  up  to 
1.1  meters  high  and  sand  bars  up  to  1.8  meters  high. 

The  SRN5  and  SRN6,  in  contrast  to  the  SRN2,  SRN3  and  SRN4,  had  only 
one  screw.  This  greatly  complicated  solving  the  problem  of  control.  Con¬ 
trol  was  aided  by:  two  vertical  rudders  with  stabilizers;  a  horizontal 
rudder;  jet  rudders  --  consisting  of  two  flat  air-hydro  drives  attached 
to  the  receiver,  and  a  strip  of  exterior  overhead  vertical  rudders  turning 
with  them;  and  the  lift  systems  of  the  flexible  skirts.  The  lift  systems 
ensured. lift  for  the  skirts  in  each  of  the  four  air  cushions  to  a  length 
of  about  1.8  meters,  and  consisted  of  four  hydro-cylinders  with  wires 
leading  to  parts  of  the  flexible  skirts  and  hydrosystems  with  hydraulic 
pumps.  Moving  the  control  stick  forward  brought  about  lift  of  the  flexible 
skirts  in  the  two  front  quarters  and  gave  momentary  trim  to  the  bow. 

Moving  the  handle  back  or  to  the  side  brought  about  trim  to  the  stem  or 
momentary  lift,  accordingly.  This  system  was  used  to  eliminate  drift  and 
to  control  the  craft  at  low  speeds,  in  circulation  for  creating  an  inside 
heel,  etc. 

These  craft' did  not  have  a  special  wheelhouse.  The  control  panel 
and  a  chair  for  the  commander  were  situated  on  the  right  side,  and. a  chair 
for  the  navigator  was  located  on. the  left  side  in  the  bow  part  of  the 
cabin.  On  the  right  side  of  the  commander's  chair  there  was  a  lever  to 
alter  the  screw  pitch,  with  a  handle  to  alter  the  engine's  power,  which 
permitted  the  commander  to  control  the  lift  height  and  the  speed  with  one 
hand.  The  other  hand  would  be  used  to  move  a  lever  to  control  the  angle 
of  the  transverse  horizontal  rudders.  The  commander  could  manipulate  the 
transverse  vertical  rudders  with  the  aid  of  foot -pedals.  The  lever  for 
controlling  the  lift  system  for  the  flexible  skirts  was  mounted  in  front 
of  the  commander. 


The  typical  set-up  of  the  navigational  -and  communications  equipment 
aboard  the  SRN6  was:  Calvin  Hughes  Type  17  navigational  radar  with 
circular  antenna,  a  Sperry  G4B  gyrocompass,  a  Bendix  magnetic  compass, 
turn-speed  indicator,  a  Doppler-effect  speed  gauge,  VHF  radio,  etc. 

Tests  of  the  SRN5  and  SRN6  showed  that,  at  speeds  of  60  knots  the 
minimum  turning  radius  of  the  SRNS ’  was  640  meters  end  230  meters  at 
50  knots,  while  the  SRN6  took  350  meters.  However,  in  using  the  lift 
systems  of  the  flexible  skirts,  the  radius  could  be  reduced  considerably  — 
—.for  example,  the  SR1I6  would  only  have  a  turning  radius  of  150  meters 
at  a  speed  of  40  knots. 

As  far  as  the  craft's  inertia  properties  were  concerned,  the  stop 
distance  of  the  SRN5  after  cutting  the  engines  at  70  knots  was  500  meters 
with  a  braking  time  of  33  seconds;; for  the  SRN6, .it  took  240  meters  to 
stop  after  cutting  the  engines  at  50’  knots.  This  was  decreased  con¬ 
siderably  by  controlling  the  flexible  skirts  and  reversing  the  fan.  The 
stop  distance  for. the  SRN5  at  60  knots  was  140  meters,  while  the  SRN6 
'managed  to  stop  in  110  meters  at  50  knots.  The  SPN5  developed  speeds 
up  to  65  knots  ;in  76  seconds;  the  SRN6  attained  50  knots  in  41  seconds. 

§5.  The  BH-7,  BH-8  and  Other  British  Hovercraft  Designs 

The  amalgamated  company  of  British  Hovercraft,,  created  in  1966, 
continued  to  work  out  Class  A  ACV  designs.  On  the  basis  of  the  fundamen¬ 
tal  elements  of  design  in  the  SRN4,  new  craft  were  created  (the  BH-7 
and  BH-8)  [80].  These  craft  were  the  intermediate  links  between  the 
9-ton  SRN6  and  the  168-ton  SRN4. 

The  BH-7  was  designed  as  a  cargo/passenger  variant  for  fast  ferrying, 
and  also  as  a  type  of  fast  patrol  and  military  transport  craft.  The  firm 
received  .orders  for  the  delivery  of  one  BH-7  to  the  English  Navy  and  two 
to  the  Iranian  Navy. 

The  BH-8  was  designed  as  a  military  transport  craft  and  also  as  a 
cargo/passenger  variant.  Overall  views  of  the  BH-7  and  BH-8  are  shown 
in  Figures  21-23.  The  designs  of  the  fans,  screws,  train  of  gears  and 
drive  shafts  of  both  craft  were  identical  to  those  of  the  SRN4.  They 
also  utilized  the  same  Proteus  gas  turbines  for  main  engines  as  in  the 
SRN4,  one  in  the  BH-7  and  two  in  the  BH-8. 

At  the  end  of  1969,  the  first  BH-7  for  the  English  Navy  was  completed 
(of  the  four  being  built  at  the  factory).  It  had  one  turning  pylon.  The 
main  engines  were  placed  in  the  machinery  compartment.  To  improve  control 
jet  air-propelled  rudders  were  installed.  The  wheelhouse  was  raised  above 
,the  top  of  the~superstructure  and  ensured  at  360°  field  of~vision . . 

The  cargo/passenger  version  of  the  BH-7  was  equipped  with  a  bow 
ramp  4.2  meters  wide  and  2.4  meters  high.  The  clearance  height  between 
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decks  was  2.4  meters.  The  deck  area  was  93  m2  with  two  fore-and-aft 
bulkheads  separated  by  the  cargo  area  (in  the  center  of  the  craft)  and 
the  passenger  area  along  the  sides. 

The  military  transport  version  of  the  BH-7,  besides  having  a  bow  ramp 
4.2  meters  wide,  had  a  cargo  hatch  in  the  top  of  the  superstructure  wide 
enough  to  be  used  for  non-entensive  loads  (e.g.  a  4-5  ton  truck  or  other 
machine  of  equal  height).  The  BH-7  could  accommodate:  two  armored 
carriers  or  one  4-5  tons  track  or  two  jeeps  and  60  soldiers  or  170  soldiers 
with  their  weapons,  the  wheeled-vehicles  and  armament  were  placed  on  the 
cargo • deck,  the  soldiers  with  their  weapons  in  the  ‘side  compart¬ 
ments.  On  the  "initial  BH-7,"  thSre’  was  no  bow  farm  or  cargo  hatch. 


Figure  21.  The  BH-7  Air  Cushion  Vehicle  (a  drawing). 

On  the  patrol  craft  variant  of  the  BH-7,  rapid-fire  automatic  artillery 
could  be  mounted  with  a  control  system  for  firing  and  a  firing  mechanism 
for  anti-aircraft  rockets  or  surface-to-surface  missiles.  The  craft  could 
operate  for  as  long  as  10  hours  over  a  distance  of  500  miles.  Since  a 
craft  of  this  type  was  self-sustaining  for  several  days,  living  ql.  arters 
for  the  crew  were  provided. 

The  typical  features  of  the  BH-8  craft  were:  bow  and  stern  ramps, 
ensuring  a  through-passage  for  automobiles  (equipment)  and  the  possibility 
of  loading  and  unloading  at  the  same  time;  engines  installed  in  gondolas 
atop  the  superstructure  to  avoid  the  use  of  pylons;  use  of  pneumatic, 
multi-tiered  flexible  skirts,  aided  by  a  width  which  could  be  increased  to 
17.0  meters  to  ensure  the  necessary  transverse  stability  for  moving  on  an 
air  cushion.  The  width  of  the  rigid  hull  of  the  craft  was  12.2  meters', 
which  met  the  requirements  for  its  transfer  of  landing  and  transport  craft. 
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Figure  2 k.  Mode!  of  a  4000-ton  Cargo  Air  Cushion  Vehicle. 

>  s  i  i 

The  BH-7>  BH-8  and  BH-9  ACV's  were  designed  for  transporting  large 
landing  and  transport  craft.  The  BH-9,  designed  by  British  Hovercraft, 
was  the  logical  continuation  of  the  SRNS,  SRN6  series  and  uspd  elements 
of  their  designs,  but  in  contrast  to  them  was  equipped  with  two  Gnome 
gas  turbine  engines.  The  full  weight  of  the  BH-9  was  25  tons,  having 
a  ^y®i8ht;~carrying  capacity  of  9-14  tons  and  a  design  worked  out  by 
modifying  the  landing  and  passenger  craft! 

*  i  ^ 

. .  Plans  of  the  British  Hovercraft  company,  for  craft  based  on 

the  SRN4  design,  includes  a  300-400  ton  displacement,.  50-60 ‘knot  craft. 

*  ? 

A  design  was  worked  out  from  one  of  these  versions  for  an'  anii- 
-submarine  ACV,  which  received  the  approval  of  the  Ministry  of  Defense. 

In  the  opinion  of  a  company  spokesman,  the  ship  could  be  created  by 
1970.  ,  , 

By  the  mid-70's,  there  is  a  possibility  of  creating  an  ACV  with  a  ’ 
displacement  of  approximately  1000  tons.  In  current  times,  British  • 
Hovercraft  built  an  ACV  which  had  a  displacement  of, 168  tons.  Building 
a  craft  with  a  larger  displacement  was  restricted  by  the  technical  capabili¬ 
ties  of  industry  at  the  time.  1 

i  I 

Nevertheless,  the  company  introduced  an  ACV  design  for  greater  dis-  ’* 

5  ““entl  Thi£;  design  called  for  a  cargo-tfoe  ACV  with  a  displacement  of 
4000  tons,  a  model  of  which  was  shown  in  a  British  exhibition  in  1966 
(Figure  24).  The  chief  dimensions  of  the  craft  were:  146  meters  in 
length,  44  meters  in  width,  and  214  meters  in  heighth.  The  craft,  was 
designed  to  transfer  cargo  in  containers.  -  With  a  nayload  totalling 
2600  tons,  cargo  would  account  for  1,600  tons,  with  a  capacity  for  64 


i 


i 


I 


,  I  .  t 

;  containers ^measuring  2.4  x  2.4_x  9.1  meters.  Eight  Olympus  gas- turbines 

engines' which  would  be  designed  by  the1  British  Navy  Would  be .needed,  with 
1  a  maximum  power  o£\27, 200  h.j>, .  Its  speed  over-  calm  water  would  be 
50  knots ,  With  a  range  of’  1000* miles  in  the  open  sea. ’’’This  cargo  vessel 
1  was  designed  in  two  variants:  with  flexible  skirts  and  with  immersible 

1  ’  rigid  sidewalls.  Higher  interest  has  been  shown  ih  the  latter  design  in 

England.'-  .  1 

►  1  §6.  Air  Cushions  Vehicles  With  Sidewalls 

i  1  "* 

At  the  same;  time,  that  ACV's  with  flexible  skirts  were  being  developed 
in  England  and  the  U.S.A. ,  ACV's  were  being  created  which  did  not  completely 
'  .  leave  the  water's  surface,  but  had ^immersible  sidewalls  (foils}  represen¬ 

tative  of  Class  B  ACV's;  * 

One  of  the  first  to  begin  research  in  this  direction  was  the  English 
i  _firmj>f  Denny,  which  in  1961  built  a  self-propelled,  inhabitable  .model,  ' 

1  ~the  D-l,  which  weighed  about  4.5  tons,  The  hull  of  this  model  was 
constructed-  of  woods  and  veneers,  had  a- right-angled  plane  to  its  form, 
two  longitudinal  sidewalls  0.3  meters  high  and:  0.15  meters  wide,  and 
transverse  jets  in  the  bow  and  stern- to  create  air  curtains  that  would 
surround  the  air  cushion.  The  preliminary  form  of  encirclement  and  the 
;  sidewalls  had  been  worked  'out  !in  a  test  basin  on  small  models.  The 

greatest  success  was  irt  the  upright  encirclement  of  a  body  with  a  flat 
bottom  an<h’.sidewalls  composed  of  right-angled  sections.  The  walls  gradually 
.  ;  naprowed  from  the  middle  to  tjie  bow  and  ended  in  a  sharp  stem  that  improved 
!  the  seaworthy  capabilities  of  the  models. 

j  The  length  of  |the  D-l  was,  19.2’  meters  and  the  width  was  3.0  meters. 

Four  centrifugal  fans  were  mounted  on  the  D-l  —  two  in  the  bow  and  two 
in  the  'stem,1  driven  by  two  25  h.p.  engirfes  for  creating  the  air  curtains. 

■  ■  The  total  output  of  the  fans  was  about  2.4  m3  per  second,  with  pressure 
in  the  air  curtain  set  at  85  kilograms  of  force  per  m2.  In  the  two  sus¬ 
pended  Mercury  500' engines  was  a  power  of  50  h.p.  for  operating  the 

screws,  which  allowed  the  b-1  to  develon  a  speed  of  20  knots. 

1  1  1  . 


Figure  25.  The  Da2  Air  Cushion  Vehicle  Before  Modification. 

1  !  "  . 


1 


Results  of  testing  the  D~1  during  1961-62  gave  hope  for  a  higher 
speed  than  ordinary  craft,  an  insignificant  amount-  of  splash,  very  little 
noise,  good  control,  the  absence  of  wave  formation  at  designed  speeds,'  and 
a  number  of  other  positive  qualities. 

In  light  of  this,  the  firm  made  the  decision  to  build  a  series  of 
four  test  passenger  craft  with  rigid  sidewalls  and  designated  them  D-2 
(Figure  25)  [103],  The  first  craft,  the  D-2. 001  was  built  in  July,  1962;.. 
the  second  craft  was  completed  at  the  end  of  1963.  The  full  weight  of 
these  craft  was  about  25  tons,  with  an  operating  speed  of  25  knots,  and 
was  designed  to. transport  70  passengers  along  riverways.  The  passenger 
salon  was  situated  in  the  middle  of  the  craft.  The  machinery  compartments 
were  located  in  the  bow  and  stem,  and  the  wheelhouse  was  in  front  of  and 
above  the  superstructure. 

The  power  plant  for  these  craft  consisted  of  four  Caterpillar  diesels 
with  a  total  of  700  h.'p.  Two  of  these  served  to  drive  the  Shottel  screw- 
-rudder  complexes  with  their  twin  propeller  screws,  having  a  turning  radius 
of  360°  on  a  horizontal  plane;  the  other  two  drove  the  eight  centrifugal 
fans,  four  in  the  bow  and  four  in  the  stem,  to  create  the  air  curtains. 

The  air  pressure  in  the  cushion  was  250  kilograms  of  force  per  m2.  The 
material  selected  for  the  hull  was  choice  glass  reinforced  plastic,  how¬ 
ever,  to  speed  up  construction,  the  first  craft  was  manufactured  with 
planking  of  multi-layered  veneers. 

Lift  above  the  water's  surface  at  25  knots  was  about  20  centimeters. 
Flexible  skirts  were  installed  in  the  extremities.  Maximum  wave  heights 
of  about  0.6  meters  could  be  overcome  without  decreasing  speed.  Over 
larger  waves,  the  speed  was  dropped. 

Test  runs  of  D-2  craft  on  the  Thames  showed  that  they  were  vulnerable 
where  the  propeller  screws  Were  uncovered  and  were  often  damaged 
by  floating  objects.  To  check  out  the  seaworthy  capabilities  of  the 
D-2. 002  in  natural  conditions,  the  craft  made  an  820  mile  voyage  from 
Dumbarton  to  London,  doubling  the  eastern  seaboard  of  England. 

Later,  thd  Denny  firm  worked  out  the  design  for  the  D-3  ACV  which 
could  transport  600  passengers  at  speeds  of  40  knots.  The  craft  had  a 
full  weight  of  135  tons,  a  length  of  45.8  meters,  and  a  width  of  15.3 
meters .  The  use  of  diesels  for  main  engines  and  to  drive  the  fans  was 
envisioned  in  the  design.  Variations  of  both  rigid  and  flexible  side- 
walls  with  flexible  skirts  in  the  bow  and  stem  were  considered.  In 
working  out  the  D-3  model  designs,  the  results  of  the  D-2  test  were  studied 
to  eliminate  the  sharp  blows  to  the  bow  and  the  heavy  amount  of  splashing. 
The  bows  of  the  models  were  given  more  seaworthy  forms,  significantly 
improving  its  characteristics  over  waves. 

On  the  whole,  the  testing  of  the  D-2  on  the  Thames  was  not  successful 
due  to:  enclosed  accommodations  for  passengers,  a  lack  of  air  conditioning. 
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parts  of  the  screws  being  damaged,  intensive  splashing  at  low  speeds, 
and  a  small  degree  of  seaworthiness,  which  did  not  permit  these  craft 
to  compete  with  the  average  pleasure  boat.  The  advantage  of  speed'  in 
this  case  was  not  as  large  an  influence  as  in  AGV's  with  flexible 
skirts . 

As  a:  result,  the  Deriny  firm,  after  haring  built  four  D-2  craft i 
discontinued  further  construction,  and  interest-  in  AGV's  with'  sidewalls 
declined  "in  England  for  a  whiTe. 

In  1966-67,  the  newly-formed  firm  of  Denny  Hovercraft  made  modifi¬ 
cations  to  the  D-2. 002,  seeking  to  improve  its  seaworthy  capabilities  and 
to  increase  the  life  of  the  screws  [99] .  The  screw-rudder  complexes  were 
replaced  with  propeller  screws,  installed  in  the  sidewalls  with  the  shafts 
going  inside  each^wall.  Semi -balanced  rudders  were  suspended  for  the 
screws.  The  form -of  the  bow  was  changed  and  transverse,  segmented  flexible 
skirts  were  installed  to  improve  the  seaworthy  capabilities  of  the  craft. 

The  D-2. 003  and  D-2. 004  craft  had  eight  fans  with”  greater  output. 

Such  modifications  permitted  an  increase  in  speed  of  the  D-2.002M 
to  34  knots  (versus  25  knots  in  the  D-2. 002)  and  up  to  30  knots  for 
the  D-2-.003Mi  which  was  three  tons  heavier  than  the  D-2.002M. 

Following  these  modifications,  the  craft  could  develop  its  greatest 
speed  over  wayes  up  to  0.6  meters  high.  Over  higher  waves,  the  speed 
had  to  be  decreased  to  avert  blows  on  the  hull  by  the  waves.  Over  wave 
heights  of  1.2  meters,  the  craft  could  not  exceed  10  knots. 

These  modifications  did  not  help  to  increase  the  seaworthy  capabilities 
of  the  D-2,  however.  This  could  be  explained  by  its  failure  to  increase 
the  lift  height  of  the  sidewalls  --  a  considerable  increase  which  would 
require  increasing  the  geometric  measurements  of  the  craft  itself  to 
ensure  stability.  It  is  recalled,  in  comparison,  that  the  seaworthy 
capabilities  of  the  SRN6,  weighing  considerably  less,  permitted  its 
operation  over  waves  up  to  1.5  meters  high  at  speeds  of  40  knots,  thanks  . 
to  flexible  skirts  1.2  meters  high. 

In  1965  a  new  boost  in  the  development  of  ACV's  with  sidewalls  in 
was  provided  by  the  joint  efforts  of  Denny  Hovercraft,  Hovermarinq,  and 
Hovercraft  Development  in  creating  a  number  of  interesting 
designs  for  craft  weighing  8  to  300  tons.  In  providing  these  designs, 
it  was  ascertained  that  a  demand  existed  alsofor  small  craft  with 
sidewalls,  because  they  were  able  to -attain  greater  speeds  than  dis- 
placement  or  glider  craft  could  with  equal  expenditure  of  power  (Figure  26), 
and  were  considerably  less  expensive  and"  simpler  in  design  than- craft  with 
flexible  skirts.  On  orders  from,  the  firm  of  British  Rail,  Hovermarine 
built  two  60-seat  HM-2  craft  in  1967-68,  weighing  16.3  tons  (Figure  27) 
and  intended  for  passenger-ferry  service  in  the  Solent  Spithead  [92]. 
Construction  of  the  HM-2  series  was  complete  with  the  ninth  unit. 
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Figure  27.  The  Wr2  Air  Cushion  Vehicle;  a,  constructive  diagram; 

b?  ir>  movement. 


Hovermarine  created  a  series  of  relatively  inexpensive  craft, 
suitable  for  mass  exploitation,  using  equipment  found  also  in  dis¬ 
placement-type  craft.  The  projected  speed  of  the  craft  was  in  the 
range  of  25-60  knots.  The  range  of  speed  in- most  cargo /passenger 
craft,  possessing  diesel  power  plants,  was  35-45  knots.  Craft  with 
higher  speeds  could  be  created  for  special  or  military  purposes  by 
using  converted  gas  turbines  for  the  main  engines.  For  larger  craft, 
hydro-drive  systems  could  be  utilized. 

Besides  the  afore-mentioned  HM-2,  Hovermarine  had  worked  out  designs 
for  30,  100  and  350-seat  craft  with- sidewalls,  designated  HM-1,  and  HM-4. 
Also  designed  were:  a  patrol  helicopter  carrier  with  a  displacement  of 
56  tons-  and  a  speed  of  37  knots,  a  fast-moving  fire-fighting  craft,  and 
a  hydrographic  survey  craft  based  on  the  HM-2.  The  first  hydrographic 
survey  craft  was  built  in  1968. 


The  greatest  interest  lay  in  the  design  of  the  1274ton.  HM-4  craft, 
built  to  transport  350  passengers  and  six  automobiles  of  other  cargo  weighing 
up  to  60  tons  (Figures  28  and  29)  [80).  It  had  a  length  of  48.8  meters, 
a  width  of  20.7  meters,  and  was  9.1  meters  high  from  the  roof  of  the 
wheelhouse  to  the  cushion. 

The  designers  sought  to  create  a  sufficiently  large  seaworthy 
catamaran-type  craft;  suitable  for  operation  in  sea  conditions.  To 
accomplish  this,  the  lift  height  of  the  hull  above  the  water's  surface 
was  increased  considerably  (up  to  4  meters)  in  moving  on  the  air  cushions. 

In  order  to  lower  the  center  of  gravity  to  ensure  stability,  all  the 
basic  compartments  (including  the  passenger  compartment,  the  machinery 
compartment,  and  fuel  tanks)  were  placed  in  the  side  bodies,  which  were 
well-suited  for  this  purpose.  The  width  of  the  hull,  in  the  bottom 
part,  was  one  meter. 

The  central  part  of  the  body  served  basically  to  join  the  hull 
together,  to  accommodate  some  equipment  (the  centrifugal  fans  and  their 
engines),  and  also  to  take  in  the  lift  forces  for  the  air  cushions.  In 
view  of  the  transverse  contacts  (piping  with  a  diameter  of  about  2.2 
meters)  with  the  light  elastic  elements,  the  pressure  of  the  air  cushions 
could  be  taken  in  by  the  central  part  of -the  body. 

Transverse-segmented  flexible  skirts  more  than  4  meters  high  were 
provided  in  the  bow  and  stern  extremities.  The  wheelhouse  was  situated 
in  the  bow  and  ensured  a  360°  field  of  vision.  The  passenger  compartments 
were  placed  in  the  side  body  on  two  decks,  the  width  of  the  upper  one 
being  about  4.5  meters  and  the  lower  one  —  2,5  meters.  The  hull  was 
made  of  glass  reinforced  plastic  or  light  alloys.  The  main  engines  were 
situated  in  the  hull  and  were  highly-reversible  diesels  or  gas  turbines 
which  drove  the  hydro-drive  system,  having  water-gates  in  the  bottom 
of  the  side  bodies. 
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Disembarking  of  passengers  and  the  unloading  of  .automobiles  and 
other  cargo  were  accomplished  through  the  stem  door.  In  addition,  a 
door  was  provided,  on  each  side  of  the  bow  for  entrance  into  the  passenger 
compartment . 

The  draught  of  the  HM-4,  in  moving  on  the  cushion,  was  about  0.6 
meters.  In  accordance  with  its  design,  the  HM-4  could  attain  a  speed  of 
40  knots  over  waves  0.9  meters  high. 

Obviously,  the  design  problems  of  the  HM-4  were:  ensuring  stability, 
creation  of  optimum  design  in  flexible  skirts,  difficulty  in  ensuring 
normal  operation  of  the  hydro-drive  system  due  to  the  small  amount  of 
draught,  the  possibility  of  baring  the  bottom  to  waves,  etc. 


Figure  28.  Constructive  Diagram  of  the  127-ton  Cargo/Passenger 
AC V  —  the  HM-4. 


The  HM-1,  HM-3,  and  the  helicopter-carrier  patrol  craft  had  less 
displacement  than  the  HM-4.  The  range  of  their  speeds  was  35-45  knots. 
They  had  improved  seaworthy  capabilities  compared  to  the  seaworthiness 


of  the  D-2,  thanks  to- an  increase  in  the  height  of  the  sidewalls  (in 
the  little  HM-1,  alone,  it  equalled  0.76  meters),  and  they  improved  the 
form  of  the  bow  extremity  by  using  flexible  skirts .  The  HM-3  craft  was 
put  out  in  two  variants:  for  navigation  on  rivers  and  on  the  sea.  In 
the  latter  case,  the  sidewall  height  was  increased  by  0.6  meters  in 
contrast  to  the  first  version.  The  seaworthy  capabilities  of  the  HM-3 
and  the  power  of  its  engines  ensured  its  movement  over  waves  1.2  meters- 
high  at  a  speed  of  30  knots  and  over  waves  1.8  meters  high  at  a  speed 
of  20  knots.  The  HM-2  could  develop  a  speed  of  35  knots  over  waves 
0.9  meters  high. 

In  the  construction  of  the  craft,  Hovermarine  used  plastics  and 
reinforced  fiberglass  "extensively  in  forming  the  hull,  while  the 
bottom  compartments  were  packed  with  layers  of  foam  to  ensure  buoyancy. 

The  work  of  the  Hovermarine  firm,  supported  by  the  Ministry  of 
Aviation 'and  coordinated  with  Hovercraft  Development,  could  be  considered 
as  the  first  phase  in  exploiting  ACV's  with  greater  displacements. 


Figure  29.  A  rtodel  of  the  HM-*»  ACV. 

A  design  was  worked  out  for  an  anti-submarine  ACV  with  a  displacement 
of  .300-400  tons  and  with  sidewalls,  in  which  prolonged  operation  at  a 
displace'ment  rate  with  economical  speeds  of  about  25  knots  and  at.  a 
speed  of  about  90  knots  oh  air  cushions  could  be  ensured. 

As  is  generally  known,  craft  with  flexible  skirts  have  a  short 
duration  of  operation  on  cushions  because  of  the  large  expenditure  of 
fuel,  and  at  displacement  rate  their  speed  is  low  (8-10  knots)  because 
of  the  presence  of  skirts  and  poor  hydrodynamic  surroundings. 

Design  research  of  a  large  English  ACV,  mentioned  earlier,  with  a 
weight  of  4000  tons  was  completed  in  two  variants:  with  flexible  skirts 
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and  with  sidewalls.  The  possibility  of  creating  flexible  skirts  for 
ACV's  of  such  weights  seemed  doubtful.  Research  by  British  Hovercraft 
confirmed  the  possibility  of  creating  a  large  ACV  with  sidewalls  and  a 
speed  of  50  knots,  yet  the  specific  power  of  40  h.p.  per  ton  would  be 
decreased. 

In  the  U.S.A. ,  serious  attention  was  given  to  the  development  of 
an  ACV  with  sidewalls,  which  was  designated  CAB  type  craft  and  placed  in 
Class  B.  After  several  years,  research  on  CAB  craft  led  to  scientific 
investigation  by  the  Naval  Aviation  Center  at  Jonesville  [100],  An 
experimental  craft  was  built  at  the  Center  in  1963,  the  XR-1,  which  was 
15.9  meters  long  and  weighed  10  tons.  An  interesting  solution  was 
found  to  the  problem  of  containing  the  air  cushion  in  the  bow  and  stem 
of  this  craft.  This  was  accomplished  by  rigid  flaps,  fastened  on  hinges 
to  the  sidewalls.  In  the  lower  sections,  the  flaps  are  joined  by  glider 
skis.  The  craft  glided  along  the  water's  surface  on  the  skis,  with 
the  flaps  overlapping  the  underdome  area  between  the  sidewalls  to  prevent 
air  flowing  from  the  cushions.  Constant  contact  of  the  skis  with  the 
water's  surface  was  maintained  either  by  pressure  from  the  air  cushions 
on  the  flaps  or  by  special  springs.  Stability  could  be  ensured,  it  was 
figured,  by  dividing  the  width  of  the  craft  into  sections  with  the  flaps 
and  skis.  Stability  in  the  XR-1  was  insufficient,  however,  and  it  over¬ 
turned  in  testing. 

A  design  worked  out  by  Booz-Allen  Applied  Research- utilized  the  new 
bow  and  stem  skirt  developed  in  the  U.S.A.  The  creation  of  such  a 
design,  which  would  ensure  the  durability  of  skis  and  flaps  in 
conditions  of  dynamic  ascendancy  over  waves,  was  an  extremely  difficult 
task. 


The  performance  of  the  XR-1  in  tests  showed  great  promise,  and  in 
Jonesvills,  under  the  direction  of  G.  Chaplin,  a  CAB  type  craft  was 
designed  with  a  displacement  of  up  to  12,000  tons,  the  results  of 
which  confirmed  the  adviseability  of  building  a  CAB  type  ACV  with  a 
greater  displacement  [90] .  A  great  amount  of  design  research  into 
CAB  type  ACV's  in  the  U.S.A.  was  also  accomplished  by  the  Booz-Allen 
Applied  Research  firm-on  orders  from  the  the  Merchant 
Marine  [76].  ACV's  with  weights  from  1-10,000  tons  were  envisioned  for 
trans-Atlantic  transfer 'of  cargo. 

The  creation  of  such  craft  was  itself  a  complex  scientific-technical 
task  and  required  solutions  to  many  problems.  In  connection  with  ensuring 
stability  and  control,  systems  of  control  were  worked  out;  to  attain  greater 
seaworthy  capabilities,  the  firm  worked  out  scientifically  valid  norms  of 
durability  and'  methods  of  calculating  durability,  created  optimum  designs 
and  materials  for  the  hull  and  skirts  and  highly  economical  gas  turbines  with 
an  aggregate  power  of  up  to  30,000  h.p.,  transmissions  for  them,  optimum 
propelling  agents,  etc. 
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Regardless  o£  the  task,  work  on  creating  CAB  type  ACV’s  with  large 
displacements  was  carried  out  in  the  U.S.  A.  both  by  the  Department  of  the 
Navy. and,  in- particular,  by  the  Merchant  Marine.  The 
Merchant  Marine  envisioned  the  design  and  construction  of  an  ACV  weighing 
500-1000  tons  in  the  first  phase  of  its  program.  The  cost  of  this  first 
phase,  including  the  building  of  an  ACV  weighing  500-1000  tons  in  the 
mid-70's  was  put  at  20  million  dollars,  and  together  with  a  program  of 
expenditures  for  the  completion  of  a  project  for  a  craft  weighing  5000 
tons  would  run  100  million  dollars. 

Designs  for  CAB  type  ACV’s  with  greater  displacements  also  were 
worked  out. by  Bell  Airsystems,  which  played  a  leading  role  in  the  building 
of  this  type  of  ACV. 

§7.  The  Air  Cushion  Vehicles  of  Bell  Airsystems 

The  American  firm  of  Bell  Airsystems  began  creating  ACV's  in  1958. 

On  orders  from  the  U.S.  Navy  in  1960,  the  firm  built  an  experimental  launch 
for  its  first  test  run  —  the  XHS-3  "Hydroskimmer"  which  weighed  less  than 
a  ton  and  employed  single  contour  peripheral  jets.  The  total  power  of 
the  engines  was  145  h.p.  and  the  craft  developed  a  speed  of  32  knots. 

The  Bell  firm's  most  serious  work  was  the  design  and  construction, 
on  orders  from  the  U.S.  Navy  (oh  a  competitive  basis),  of  a  tested  ACV  — 

--  the  Class  A  SKMR-1  (Figure  30)  [91] .  Construction  of  the  craft  took 
a  year  and  was  concluded  in  May,  1963.  The  cost  of  the  contract  was 
2.02  million  dollars.  The  SKMR-1  was  built  to  conduct  tests  and  work 
out  results  in  specifications  required  for  seaworthiness,  stability, 
maneuverability,  durability,  etc.,  as  well  as  for  estimations  of  the 
suitability  of  the  ACV  as  a  lauding  craft  for  troops,  an  anti-submarine 
and  patrol  craft,  a  minesweeper,  a.  rescue  craft,  and  a  supply  ship.  The 
SKMR-1  initially  had  a  length  of  20  meters,  was  8.24  meters  wide  and  7.2 
meters  high.  Its  full  weight  was  20.4  tons. 

The  air-cushion  was  created  by  four  master  fans  1.98  meters  in 
diameter.  Each  fan  supplied  air  to  one-fourth  of  the  cushion.  Thrust 
■  -.was  .ensured  by  two  screws  3.05  meters  in  diameter. 

The  fans  and  screws  were  run  by  four  Solar  Saturn  gas  turbines, 
placed  in  the  bow  and  stem  on  both  sides  of  the  craft,  with  power  of 
1080- h.p.  The  cargo  compartment  was  in  the  central  part  of  the  craft  and 
measured  2,4  x  S  meters. 

A  peripheral  nozzle,  and  latitudinal  and  transverse  nozzles  to  ensure 
stability,  divided  the  craft  into  four  sections.  These  buoyant  sections 
were  the  basic  elements  of  the  body.  Air  in  the  jets  acted  on  the  flat 
receiver,  the  decks  of  the  superstructure,  and  over  the  surface  of  the 
sections  for  buoyancy.  The  total  area  of  the  air  cushions  was  114  m2.. 

The  jets  for  stability  were  vertical  and  the  peripheral  jets  were  inclined 
at  a  45°  angle. 
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Figure  31.  Principal  Diagram  of  the  Lift  System  on  the  SKMR-1: 

1*  screw»  2,  the  fans;  3>  the  bow  engine;  4,  the  stern 
engine. 
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Two  Solar  Saturn  engines  were  connected  to  one  common  shaft,  to 
the  reduction  gear  of  two  fans,  and  to  one  screw  on  each  side  of  the 
craft  (Figure  31).  Redistribution  of  power 'between  the  lift  system 
and  the  motive  system  was  carried  out  by  varying  the  pitch"  of  the  air 
screws. 

The  fans  were  made  of  glass  reinforced  plastic  and  had  blades  to 
regulate  the  entrance  of  air  and  a  wheel  with  10  fixed  blades. 

The.  3-bladed,  variable,  pitch  air  screws  were  made  of  aluminium 
alloys.  The  stationary  annular  jets  of  the  screws  provided  an  increase 
of  up  to  50%  of  the  total  thrust  at  low  speeds  and  up  to  1/3  at  high 
speeds . 

The  jets  also  ensured  course  stability  for  the  ACV.  Suspension  of 
the  jets  in  the  flow  of  the  screw  rudders  ensured  control  of  the  craft 
at  high  speeds. 

The  estimated  durability  of  the  hull  was  brought  about  as  an  out¬ 
come  from  situations  of  operating  the  craft  at  speeds  of  up  to  50  knots 
in  state  3  sea  conditions.  The  basic  contacts  of  the  hull  and  the 
planking  were  made  of  light  alloys,  and  the  superstructure  —  from  glaus 
reinforced  plastic.  The  SKMR-1  had  dual  aircraft-type  controls.  In 
front  of  the  commander’s  chair  were:  a  steering  column,  pedals  for 
rudder  control,  a  throttle,  two  levers  for  the  air  pitch  screws,  and 
control  gauges  used  to  control  the  engines,  the  various  systems,  and 
movement.  In  contrast  to  the  British-made  ACV's  the  SKMR-1  craft  had 
reversible  shields  in  the  peripheral  jets,  which  were  used  to  a 'ter 
the  flow  of  air  in  the  jets  on  either  side  and  to  create  side  forces. 

Control  of  these  shields  was  accomplished  by  declining  the  columns  to 
the  side.  A  similar  system  also  was  provided  for  control  of  trim 
difference,  but  proved  ineffective  after  flexible  skirts  were  installed. 

Fuel  for  the  engines  .was  placed  in  four  tanks,  with  a  capacity  of 
1820  liters  each,  one  in  each  compartment  of  the  buoyant  section.  This 
supply  of  fuel  ensured  14  hours  of  operation.  Four  generators  with  a  power 
of  15  kilovolts  and  storage  batteries  for  starting  the  engines  were  installed 
on  the  craft. 

The  SKMR-1  was  designed  to  appraise  several  ways  of  skirting  air 
cushions:  with  jets  and  a  flat  bottom,  with  sidewalls  0.4  meters  high, 
and  with  flexible  skirts. 

Operational  and  seaworthy  tests  of  the  SKMR-1,  without  flexible  skirts 
and  with  skirts  0.6  meters  high,  were  conducted  during  1963-64  on  Lake 
Erie.  After  the  flexible  skirts  of  the  SRN5  and  SRN6  were  worked  out 
by  the  Westland  firm,  they  were  installed  on  the  SKMR-1.  The  skirt  design 
is  shown  in  Figure  32. 

The  skirt  height  was  increased  to  1.2  meters.  The  full  weight  of  the 
craft  stood  at  an  even  30.6  tons,  the  maximum  --  31.6  tons. 
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Figure  32.  Design  of  the  Flexible  Skirt  Installed  on  the 
SKMR-1:  a,  periphery;  b,  ensuring  transverse  stability; 
c,  ensuring  longitudinal  stability;  d,  the  stern. 

During  1965,  tests  were  conducted  on  the  SKMR-1  under  a  special 
program. 

Using  the  test  results  of  the  SKMR-1,  the  Bell  firm  worked  out  an 
ACV  design  that  would  weigh  250  tons,  but  the  craft  was  never  built. 

The  Bell  firm  had  an  agreement  with  the  English  firm  of  British  Hovercraft 
to  build  (under  license)  the  SRN5  and  SRN6  ACV's.  Today,  in  keeping  with 
this  agreement.  Bell  has  built  a  total  of  seven  SRN5  craft.  The  firm 
received  the  bodies  from  England  and  mounted  American-made  7LM101PJ  101 
gas  turbine  engines  on  them,  with  a  power  of  1000  K.p.  Re-equipped  by 
the  firm,  the  SRN5  and  SRN6  craft  received  the  designators  SK-5  and 
SK-6.  Three  military  SK-5  craft,  equipped  with  light  armor  and  four 
machine  guns,, were  sold  to  the  U.S.  Navy  and  participated  in  the 
agressive  war  in  Vietnam,  while  two  SK-5  passenger  craft  were  used  in 
Alaska  [80] . 

In  future  production  of  SK-5  and  SK-6  craft,  the  firm  decided  to 
make  some  changes  in  their  design,  in  particular:  to  install  the  more 
powerful  General  Electric  7LM100PJ  102  gas  turbine  engines  with  1150  h.p.-, 
to  increase  the  seating  area,  and  to  strengthen  the  armament. 
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The  Bell  firm  worked  out  several  original  designs  of  Class  A  ACV's, 
in  particular  the  SK-9  and  SK-10.  They  planned  to  build  a  total  of  65 
units  of  SK-5,  SK-6  and  SK-9  craft. 


Figure  33*  The  90-Seat  Military  ACV,  SK-9  (Drawing). 


Figure  3*».  The  Landing-Assault  ACV,  SK-10  (Drawing). 

The  SK-9  (Figure  33)  was  a  development  of  the  SK-5/6  craft  and 
used  many  of  their  features ,  ~irf  particular,  securely-mounted  fans  and 
screws  but,  in  contrast  to  the  SK-5/6  series,  the  SK-9  had  two  engines 
and  two  screw/fan  complexes.  This  permitted  the  weight  to  be  increased 
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to  21.3  tons  and  the  accommodations  for  passengers  to  90  people  .with 
two  tons  of  additional  cargo.  In  essence,  the  SK-9  was  an  American 
version  of  the  BH-9.  The  main  engines  were  two  gas  turbines  with 
1,250  h.p.,  which  drove  two  4-bladed  air  screws  2\74  meters  in  diameter 
and  two -centrifugal  fans  2.13  meters  in  diameter.  The  capacity  of  the 
fuel  tanks  was  2.6  m3.  '  -  1  :• 

Its  seaworthy  capabilities  ensure  movement  over  waves  1.2-1. 5 
meters  high  at  speeds  of  40  knots.  Its  speed  over  calm  waters  was  60 

knots,  its  operating  range  —  180  miles.  > 

* 

The  SK-10  (Figure  34)  was  an  assault  landing  craft,  built  for 
landing  troops  and  technicians  from  U.S.  Navy  landing  craft .:  . 

The  SK-10  couldtransport  60  tons  of  cargo  over  a  distance  of 
100  miles  at  a  speed  of  80  knots  over  calm  waters  or  60  knots  in  state 
3  sea  conditions.  It  was  equipped  with  flexible  skirts  1.5  mete_o  high; 
It  had  bow  and  stem  ramps  and  a  cargo  compartment  built  to  carry  one 
tank  or  other  military  equipment.  Additionally,  the  right  and  left 
sides  of  the  superstructure  could  be  used'to  transport  160  soldiers 
with  their  weapons.  In  using  the  cargo  hold  for  transporting  landing 
troops,  320  soldiers  could  be  accommodated.  f 

i 

The  general  arrangement  of  the  craft  .did  not  differ  ’from  that  of 
the  SK-9,  but  the  main  engines  were  two  gas  turbines  with  a  total  power 
of  12,000  h.p.,  leading  to  the  4-bladed  air  screws  4.4  meters  in  diameter 
and  to  the  centrifugal  fans  3.66  meters  in  diameter.  The  full  weight 
was  about  120  tons.  ; 

J  i 

The  firm  also  completed  an  ACV  design, for  a  4,000  ton  craft  [104].. 
§8.  Experimental  ACV's  •  ' 

Despite  the  short  period,  of  the  ACV's  development,  the  creation  of 
the  basic  type .ACV’s  with  flexible  skirts  around  the  entire  perimeter 
and  with  immersible  sidewalls  (bodies)  was  preceded  by  an  intensive , 
search  for  design  solutions  which  led  to  a  large-  number  bf  diverse  , 
experimental  ACV's.  However,  some  design  solutions  were  never  used, 
for  example,  water  curtains  for  skirting  the  air  cushions t on  thd!  XHS-1 
(U.S. A.),  and  others  underwent  improvements  and  were  adapted 'to  the 
design  of  the  ACV.  The  last  to  be  regarded  in  the  way  of  designs  for  i 
experimental  ClaSs  A  ACV's,  the  VA-2 rand  VA-3,  we"-'  by  Vickers-Armstrong 
and  received  further  development  by  the  British  .  e'rcraft  company.  ■ 

.  ■  i 
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.We  will  dwell 'on' design  features  only  for  those  experimental  ACV's 
which  offer  good  prospects  .and'  are  distinguished-  from  the  ACV  designs 
already  considered.  It  is  naturalj  that  such  an  approach  to  examination 
of  experimental  ACV's .appears  biased  to  a  certain  extent. 

I  ^ 

‘The  first  group  of  experimental  ACV's  that  we  shall  study  belongs 
to  the  British  firm  of  Vosper-Thomcroft  [107].  This  firm,  engaged 
earlier  in  "creating  small  ACV's,  has  specialized;’since  1967  in  creating 
semi -amphibious  ACV's  with  flexible  skirts  around  the  entire  perimeter 
but  using  screw  propellers  for  movement.  In  1969  the  first  experimental 
ACV  of  this  type  was  built,  the;  VT-1>,  with  a  full  displacement  of  77 
tons,  intended  for  operating  along  coast  lines  with  passengers  and 
cargo  (see  Table  1).  The  design  of  .the  hull  and  the  flexible  skirts 
were  standard,*  having  been  used  on  the  ACV's  of  British  Hovercraft.  The 
central  part,  of  the  deck  acted  as  a  cargo  hold  with  through  passage 
ond  ramps  for  accommodating  automobiles  or,  in  the  passenger  version, 
as  a  passenger  salon.  In  the  side  compartments  wsere  the  passenger  and 
auxiliary  accommodations,  and  in  the  middle  of  these  compartments  — 
the  machinery  compartment.  ; 

,  l 

In  particular,  the  VT-1 -had.  an  original  engine-propelling  agent 
complex.  It  cAnsisted  of  two  AVCO  Lycoming  T-20  gas  turbines  with  a 
Maximum  powe^r  of  2000  h.p.;  a  Vee-drive  gearbox,  inclined  shafts,  and 
Ka-Me-Wa  variable  pitch  screws.’  Each  turbine,  besides  this,  drove  four 
centrifugal  fans  1.5  meters  in  diameter  through  a  transfer  gearbox  and 
a  larger  than  usual  shaft. which  created  the  air  cushion. 

•  The  ‘designed  maximum  speed  of  the  VT-1  over  calm  waters  was  48 
knots,  with  a 'speed,  of  40  knots  over  long  voyages'. 

.  •  .  i 

Tests  of  the  half-scale  self-propelled  model  VT-1  were  successful. 

,  The  design  of  the  VT-1  was'  an  interesting  test  to  avoid  using  air 
screws  on  an  ACV  and,  yet  maintain  the  high  speed  necessary  for  an  ACV 
to  have  full  separation  from  the  water's  surface]  (Class  A).  Essentially, 
a  craft  of  this  type  used  elements  designed  for  Class  A  ACV's  (full 
separation  of  the  rigid  hull  from  the  water's  surface,  with  flexible 
skirts)  and. Class  B  (submerged  screw  propellers).  It  is  natural  that 
use  of  screw  propellers  should  deprive  the  ACV  of  the  possibility  for 
complete  movement  in  coastal  waters,  however,  it  ensured  the  possibility 
of  partial  movement  in  advance  preparation  for  disembarking  passengers 
andt automobiles  in  the  bow  extremity.  i 

All  things  considered,  the  Vo'sper-Thomycroft  firm's  cost  of  building 
the  VT-1  was  lower  than  that  of  an  ACV  in  Class  A- with  a  similar  dis¬ 
placement.  • 

I  :  ' 

The  British  firm  of  Britt'en-Norman  (Cushioncraft)  offered  some 
interesting  work  connected  with  creating  an  AC.V  in  Class  A  that  would 

[ 
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have  very  little  noise,  which  we  shall  place  in  the  second  group  of 
experimental  ACV's  [80].  The  first  ACV  built  by  Cushioncraft,,  in 
1959,  was  the  3-se-ter  CC-1.  Following  that,'  three  10-seat  C.C-2 
craft  were  built.  From  the  test  analysis  of  the  crafts1  operation 
came  the  idea  to  create  two  new  types  of  ACV's:  the  CC-4  and  CC-5. 

The  experimental  CC-5  was  built  in  1966,  had  a  length  of  8.8  meters 
and  a  width  of  4.7  meters,  was  1.8  meters  high,  and  was  equipped  with 
flexible  skirts  0.6  meters  high.  The  full  weight  of  the  craft  was  2.0 
tons,  the  empty  weight  —  1.45  tons.  This  ACV  was  intended  for  passenger 
transport,  with  room  for  6  passengers  or  0.45  tons  of  cargo.  Its 
highest  speed  was  39  knots.  ‘ 

The  CC-5  used  Rolls-Royce  gas  engines  with  240  h.p.  as  its  main 
engines.  They  were  mounted  in  the  bow  section  of  the  ACV  and  led  to 
two  pairs  of  centrifugal  coaxial  fans,  of  which  the  stem  pair  provided 
thrust  (70%  of  the  power) ,  and  amidship  —  created'  the  air  cushion 
(30%  power). 

This  arrangement  of  the  engines  and  fans  gave  the  most  advantage 
for  centering  the  craft. 

A  feature  of  the  CC-5  was  the  use  of  a  low  pressure  fan-jet  system, 
air  flowing  from  the  receiver  through  special  openings  in  the  stern.  Use 
of  the  jet  streams  of  air  for  creating  thrust  and  the  deflection  by  the 
air  screws  allowed  Cushioncraft  to  work  out  a  number  of  designs  for 
ACV's  with  little  noise.  The  firm  considered  the  prospects  of  using  this 
method  to  create  thrust  in  an  ACV  of  large  weight. 

In  1968,  the  firm  proposed  to  put  t out  a_CC-7  series  capable  of  speeds  up 
to  50  knots  and  built  to  carry  ten  people.  The  main  engines  of  the  CC-7 
were  gas  turbines  with  390  h.p.  to  ensure  drive  of  the  centrifugal  fans 
and  to  create,  the  lift  forces  arid  thrust. 

Seeking  to  improve  transport  of  ACV's  along  roads  and  to  decrease 
their  width,  the  firm  worked  on  creation  of  a  design  for  an  ACV  with 
removable  or  pneumatic  sides.  The  CC-7  had  inflatible  sides  of  elastic 
material.  The  width  of  the  CC-7  with  the  pneumatic  sides  was  4,6  meters 
and  without  them  —  2.3  meters.  An  18-ton  ACV  was  designed,  the  CC-6, 
for  which  the  CC-5  was  a  semi-scale  model.  In  this  ACV,  the  firm  pro¬ 
posed  to  transport  from  4  to  6  automobiles  and  30-40  passengers  at  a 
speed  of  up  to  48  knots  over  calm  waters.  Movement  was  also  accomplished 
by  a  j.et  flow  of  air.  The  project  was  never  realized  due  to  a  lack  of 
financing. 

In  evaluating  the  work  of  Cushioncraft  ,in  regard  to  the  creation  of 
an  ACV  with  little  noise,  we  note  that  the  method  of  movement  by  jet 
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air  streams  can  only  be  used  on  small  ACV's.  arid-  at  low  speeds,  because 
of  the  small  increase  in  achieving  thrust  and  by  the  lower  coefficients 
of  useful  actions  in  Such  propelling  agents-  It  could  be  used,  however,- 
to  improve  meaneuverability  in  an  ACV  at  low  speeds,  in  particular  by  the 
itse  of  rudders  in  the  streams.  This  method  was  used  earlier  on  the  ex¬ 
perimental  SRN1  (England)  and  the  SAAB-401  (Sweden) . 

The  third  group  of  experimental  ACV's,  HD-1  and  HD-2  Class  A  craft, 
was  created  by  "ivercraft  Development. 

In  1967,  these*  were  turned  over  to  the  National  Physics  Lab,  which 
carried  out  research  into  speed  and  dynamics  of  the  craft  both  in  models 
in  a  test  basin  and  actual  craft.  Special  attention  was  given  to  research 
into  the  ACV's  conduct  over  waves. 

The  HD-1  was  built  in  1963  as  a  basis  for  working  out  various  designs 
of  flexible  skirts.  The  hull  of  the  HD-1  was  made  of  woods  and  veneers 
with  a  topping  of  nylon.  The  length  of  the  modified. HD-1  was  15.2  meters, 
the  width  (including  the  skirts)  was  7.0  meters,  and  the  full  weight  was 
9.1  tons.'  Its  highest  speed  was  37  knots;  30  knots  on  long  voyages. 

For  propelling  agents,  there  were  two  air  screws  situated  in  the  bow 
and  stem.  The  bow  screw  had  two  fixed-angle  blades  and  was  driven  by' 
a  Continental  GJ0-470A  engine  with  310  h.p.,  and  the  stem  —  by  a 
Rolls-Royce  145  h.p.  engine. 

In  Figure  35  the  HD-1  is  shown  with  a  variant  of  flexible  skirts  tested  on 
it.  The  skirt  in  the  bow  consisted  of  transverse-segmented  elements 
and  the  sidewalls  consisted  of  one  rigid  layer  of  material. 

At  the  same  time  that  the  flexible  skirts  of  the  HD-1  were  being 
designed,  research  was  being .conducted  on  material  from  which  they  would  be 
manufactured.-  Skirts  of  various  light,  strong-wearing  materials  were  tested, 
in  particular  nylon  with  neoprene  topping  which  weighed  0.2  to  1.0  kilograms 
per  meter2.  The  best  of  these  were  selected  for  further  investigation. 

Prolonged  testing  of  the  HD-1  showed  it  adviseable  to  research  the 
individual  problems  connected  with  movement  in  small  self-propelled  models 
of  the  ACV,  especially  designed  and  equipped  for  these  purposes.  In  regard 
to  this,  Hovercraft  Development  built  a  second  experimental  craft  in  1967, 
the  HD-2,  intended  initially  for  working  out  the  problems  of  control  and 
maneuverability,  especially  at  low  speeds.  The  HD-2  was  a  self-propelled 
model  similar  to  the  BH-8,  and  was  equipped  with  two  Proteus  gas  turbines 
[101].  The  HD-2  had  a  full  weight  of  4.1  tons,  a  length  of  9.4  meters,  and 
a  width  of  5.8  meters.  Its  choice  for  optimum  control  systems  on  the  ACV 
included:  two  air  reversible  screws  on  turning  pylons  with  turning  angles 
of  ±90°,  bow  and  stem  jet  rudders  on  each  side,  three  chassis  --  one  for 
control  in  the  bow  and  two  non-directional  ones  in  the  stem,  accounting  for  up 
to  20%  of  the  weight  of  the  craft  (  the  remaining  weight  was  taken  care  of  by 
the  air  cushion) . 


Three  Rover  2S-150A  gas.  turbines,  with  146  h.p.  each,  were  counted  on 
the  craft  —  two  of  them  led  to  the  screws  and  one,  situated  in  the  stem, 
led  to  two  10 -b laded  axial  fans,  making  an  air  gate  in  the  stem.  The  total 
output  of  the  fans  was  28  m3  per  second,  the  pressure  in  the  cushion  of 
107.  kilograms  of  force  per'm2.  Effentially,  this  was  the  second  case  (the 
SRN1  was  the  first)  of  using  under-doi'e  fans  on  British  ACV's.  The  fans 
fed  air  to  the  under-dome  area,  which  was  surrounded  by  transverse-segmented 
flexible  skirts  to  strengthen  the  flexible  receiver. 

The  fourth  group  of  experimental  ACV's  in  Class  A  were  the  ACV's  with 
cylindrical  flexible  skirts  initially  created  by  the  French  firm  of  Bertin 
(see  Figure  8f).  The  firm  had  worked  on  creating  an  ACV  since  1957,  with 
the  first  French  craft  (the  Terraplane  BC-4)  being  built  and  displayed  in 
1961.  Later,  the  firm  designed  a  whole  series  of  similar  craft,  designated 
BC-6,  BC-7,  etc.,  which  essentially  were  wheeled ;vehicles  more  practical  in 
moving  over  land  than*  water.  A  distinctive  feature  of  all  the  ACV's  worked 
out  by  this  firm  was  the  use  of  cylindrical  flexible  skirts,  the  number  of 
which  varied  from  8  to  12. 

The  amalgamated  firm  of  SEDAM  was  created  in  1965,  in  France,  by 
several  shipbuilding  and  aviation  firms . 

• 

The  company  specialized  in  creating  ACV's,  with  its  greatest  interest 
being  the  building  in  1967  of  a  27-ton  experimental  ACV,  the  Naviplane 
N-300  (Figures  36  and  37). 

The  company  envisioned  for  its  craft  a  combined  system  of  flexible 
skirts,  including  the  cylindrical  flexible  skirts  of  Bertin,  increasing 
the  peripheral  flexible  skirt  around  the  air  cushions. 

The  advantages  of  cylindrical  flexible  skirts  were:  an  increase  in 
economy  (i.e.  a  small  expenditure  of  power  to  create  the  lift  forces),  high 
stability,  stable  forms  in  the  skirts,  the  ability  to  easily  overcome  obstacles, 
simplicity  in  its  repair,  and  very  little  cost.  The  Nt3C0  was  built  to  carry 
up  to  100  passengers.  In  the  summer  of  1969,  two  N-300  craft  were  put  into 
test  operation  along  the  coast  of  the  Mediterranean  Sea  for  S  months. 

Two  Turbomeca  Turmo  gas  turbine  engines  with  a  total  of  1500  h.p.  were 
mounted  on  the  N-300  and  drove  two  air  screws  3.5  meters  in  diameter,  which 
were  situated  amidship,  and  four  fans  2.2  meters  in  diameters.  The  fans  forced 
air  to  the  eight  cylindrical  flexible  skirts  two  meters  high  for  a  massive 
peripheral  flexible  skirt.  This  height  of  the  flexible  skirts,  installed  on 
all  ACV's  of  this  weight  in  the  future,  provided  higher  seaworthy  capabilities’ 
in  the  craft. 

The  experimental  N-300  ected  as  a  prototype  for  a  series  of  much  larger 
ACV’s,  the  first  of  which  was  the  N-500  with  a  weight  of  200-220  tons  and 
due  to  be  put  into  service  in  1972.  It  was  designed  t.o  carry  400-500 
passengers "or  40  automobiles  and  300  passengers  at  maximum  speeds  of  about 
75  knots. 
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Later  on,  the  SEDAM  firm  was  supposed  to  build  ACV's  for  military 
purposes  —  an  assault  landing  craft,  a  patrol  ship,  a  ship  for  anti- 
-submarine  defense,  etc. 

We  note  that  the  design  of  the  flexible  skirts  in  the  form  of  cylin¬ 
ders  was  investigated  also  in  other  foreign  countries.  In  particular  the 
American  firm  of  Bell  built  an  experimental  ACV  in  1963,  the  "Carabao", 
weighting  about  1.3  tons,  with  three  cylindrical  flexible  skirts,  which 
developed  a  speed  of  about  50-  knots  and  had  a  total  engine  power  of  210 
h.p.  Later,  the  Bell  firm  worked  out  designs  for  ACV's  with  greater  dis¬ 
placement  and  having  cylindrical  skirts,  but  they  were1  never  built. 

§9.  Local  ACV's 

Construction  of  air  cushion  vehicles  in  the  Soviet  Union,  as  was  noted 
in  the  introduction,  was  begun  soon  after  K.  Eh.  Tsiolkovski  theoretically 
substantiated  the  principle  of  moving  on  air  cushions  in  1927.  Work, 
connected  with  creation  of  these  craft,  was  led  by  Professor  V.  I.  Levkov 
of  the  New  Circassian  Polytechnical  Institute. 

After  .t:he  Great  Patriotic  War,  work  in  the  Soviet  Union  designing 
and  building  ACV's  continued.  ”  The  work  moved  in  two  directions:  the 
creation  of  ACV's  using  the  chamber  design  and  their  subsequent  modifica¬ 
tions-  —  ACV's  with  immersible  sidewalls  (Class  B),  and  ACV's  using  the 
peripheral  jet  design  and  their  later  modifications  —  ACV's  in  Class  A. 

We  will  not  dwell  on  all  the  forms  of  ACV's  built  during  the  postwar 
years  in  the  USSR,  but  will  consider  the  ones  which  offer  the  greatest 
interest . 

Representative  of  the  first  direction  taken  by  designers  is  the  test 
passenger  ACV,  the  Neva  (Figure  38),  designed  by  the  Central  Technical 
Design  Office  of  the  Ministry  of  River  Fleet  (Russian  Soviet  Federative 
Socialist  Republic)  together  with  the  N.  E.  Zhukovski  Central  Aerodynamic 
Institute  and  the  Leningrad  Institute  of  Water  Transportation  Engineers, 
and  a  passenger  ACV,  the  Gorkovchanin  (Figures  39  and  40) ,  designed  by  the 
Design  Office  of  the  Volga-Baltic  Ship  Project  together  with  the  Gorkiy 
Institute  of  Water  Transportation  Engineers.  The  Neva  was  built  in  1962 
and  testing  was  begun  on  it  that  year.  The  craft,  a  catamaran  type,  had 
hinged  covers  installed  in  the  bow  and  stem  to  block  the  flow  of  air  from 
the  cushions.  The  body  was  welded  of  aluminium  magnesium  alloys.  The 
air  cushion  was  created  by  axial  fans  two  meters  in  diameter  with  a  total 
output  of  about  95  m3  per  second  and  pressures  in  the  air  cushions  of  about 
145  kilograms  of  force  per  m2.  It  had  12-bladed  fans,  placed  in  diametrical 
planes,  and  driven  by  two  aviation  piston  engines  with  225  h.p.  A  third 
engine',  with  285  h.p.,  drove  a  2-bladed  reversible  screw  2.5  meters  in  dia¬ 
meter.’ 

The  passenger  compartments  were  situated  along  the  right  and  left  sides 
of  the  craft  and  the  wheelhouse  was  located  in  the  bow  section.  The  steering 
gear  consisted  of  two  aerodynamic  rudders  suspended  on  the  air  screw  fitting 
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.and  operating  in  the  stream  of  the  screw,  arid  two  collapsible  hydro- 
-rudders  mounted,  for  transom  of  the  boat.  The  bow  and  stern  covers,  con- 
trolledby  pneumo -hydro -drive,  regulated  the  flow  of  air  from  the  cushions.' 

The  full  weight  of  the  Neva  was.  12.45  tons,  with  a  seating  capacity 
of  38  passengers  or  3.8  tons  of  cargo.  The  maximum  lift  height,  while 
fully  loaded  over  a  concrete  area,  was  60  millimeters.  The  speed  of  the 
craft,  with  11.4  tons  of  weight,  was  about  30  knots. 


Figure  38.'  The  "Neva"  Air  Cusion  Vehicle. 

Problems  of  stability,  speed,  control,  splashing  (spray  formations),  etc. 
were  investigated  in  the  Neva.  The  form  of  the  bottom  parts  and  the  design 
of  the  lift  systems  in  the  craft  were  similar  to  that  of  V.  I.  Levkov's. 

In  testing  this  ACV,,  the  following  deficiencies  appeared:  a  small  degree 
of  seaworthiness,  insufficient  engine  traction  power,  a  small  degree  of 
effectiveness  of  the  air  rudders,  heavy  splashing,  etc.  which  were  included 
on  a  series  of  Neva-type  ACV’s  built. for  operating  on  rivers. 

In  the  experimental  plant  of  the  Gorkovski  Institute  for  Water  Trans¬ 
port  Engineers,  the  passenger  ACV  "Gorkovchanin"  was  built  --  an  ACV  with 
immersible  sidewalls.  The  craft  was  intended  for  carrying  passengers  on 
local  lines  along  small  rivers ,  ensuring  its  unexpected*  mooring  along  the 
banks .  The  body  of  the  craft  was  put  together  with  D16AT  and  D16T  types 
of  duralumium.  The  full  weight  of  the  craft  was  about  14  tons  and  measured 
22.3  meters  long,  4.0  meters  wide,  with  a  draught  of  0.3  meters  while  moving. 
Passengers  were  accommodated. in  a  passenger  salon  furnished  with  arm-chairs 
(48  places);  the  two  of  the  crewmen  in  the  wheelhouse.  The  salon  was  pro¬ 
vided  with  heating  and  ventilation  systems.  To  form  air  cushions  in  the 
stern  section,  a  centrifugal  fan  with  an  output  of  8.6  m3  per  second  and  a 
total  pressure  of  about  200  kilograms  of  force  per  m2  was  installed.  Drive 
of  the  fan  was  accomplished  by  a  shaft  leading  from  the  main  engine.  The 


main  diesel,  a  3D6N-235  235  h.p.  engine,  worked  the  waterjet  system  of  pro¬ 
pulsion,  ensuring  movement  over  calm  waters  at  a  speed*'of  18.9  knots  with 
180-190  h.p.  The  other  30  h.p.  was  spent  driving  the  fan.  The 
rated- height  of  the  sidewalls  (0.45  meters J'predete'rmiried  the  small  degree 
of  seaworthiness  of  the  craft,  meant  only  for  moving  in  river  conditions. 

A  flexible  skirt  was  installed,  in  the  bow. 


Figure  39*  The  ACV,  Gor1 kovchanin. 

The  Design  Office  of  the  Volga- Baltic  Ship  Project,  in  collaboration 
with  the  Gorkiy  Institute  of  Water  Transport  Engineers,  had  been  engaged  in 
investigation  of  Class  B  ACV's  since*  1961.  During  this  time,  it  built  several 
self-propelled  models  weighing  up  to  3  tons  and  put  them  through  comprehensive 
tests. 

On  the  basis  of  the  testing  of  the  models,  an  ACV  design  was* worked 
out  -t  the  Gorkovchanin .  The  Design  Office  complete  a  series  of  design- 
-research  studies,  in  which  a  number  of  tested  river  cargo/passenjer  ACV's 
weighing  about  400  tons  with  a  payload  capacity  of  170  tons  and  speeds  of 
about  30  knots  were  studied. 

The  five-seat  experimental  ACV  "Raduga"  and  the  test  passenger  ACV 
"Sormovich"  ^Figure  41)  were  Class  A  ACV's  designed  and  built  by  the  Design 
Office  at  _.ie  Krasnoye  Sormovo  shipyard.  The  30-ton  experimental  ACV  shown 
on  parade  in  honor  of  Navy  Day,  1967,  in  Leningrad  is  also  considered  a 
Class  A  craft  (Figure  42) . 
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Figure  1»0.  The  General  Layout  of  the  ACV,  Gor'kovchanin. 

1,  engine  compartment;  2,  baggage  compartment;  3,  passen¬ 
ger  salon;  k,  wheel  house. 

These  ACV's  were  built  originally  as  peripheral  jet  types  ,  and  later 
modified  by  installing  flexible  skirts.  The  Raduga  was  built  at  the  Krasnoye 
Sormovo  shipyard- in  1962.  In  the  original  version  of  the  Raduga,  a  peripheral 
jet  system  75  millimeters  wide,  inclined  downward  45°,  and  with  two  internal 
logitudinal  jets  40  millimeters  wide  for  forming  and  maintaining  the  air 
cushion's  was  provided.  The  weight  of  the  craft  was  three  tons,  the  length 
was  9.4  meters,  the  width  was  4.1  meters,  and  the  over- all  height  was  3.5 
meters..  An  axial  fan  was  mounted  on  it,  driven  by  an  aviation  AI-14R  engine 
with  220  h.p.  A  second  such  engine  led  to  a  3-bladed  variable  pitch  screw, 
mounted  in  the  stem  pn  a  stationary  pylon.  Control  of  the  craft  was  attained 
with  the  aid  of  air  rudders,  mounted  in  the  stream  of -the  screw. 

Tests  of  the  Raduga,  carried  out  in  1962-63  without  flexible  skirts, 
showed  that  it  developed  a  speed  on  the  air  cushions  of  up  to  54  knots  and 
a  displacement  rate  of  up  to  eight  kilometers  per  hour. 
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Figure  41.  THe  "Sormovich"  ACV. 

Its  speed  over  snow  and  ice  was  27-32  knots  ,  but  it  was  restricted  by 
safe  navigation  procedures.  Movement  over  ice  was  accomplished  by  a 
preliminary  study  of  the  route.  The  seaworthy  capability  of  the  craft 
without  flexible  skirts  was  shown  to  be  insufficient;  if  the  craft  advanced 
at  maximum  speed  oyer  wave  heights  greater  than  0.3  meters,  it  experienced 
rolling,  sharp  bumps,  and  heavy  splashing.  Over  wave  heights  greater  than 
0.5  meters,  the  craft  was  only  able  to  maintain  speeds  at  displacement  rates. 

.  planking  in  the  bow  section  was  made  of  sheets  of  aluminium  alloys  1 
•millimeter  in  thickness  and  considerable  damage  was  incurred  by  blows  to 
to  the  ship  moving  over  high  waves  .at  speeds  of  about  80  kilometers  per 
foam'  T°  aV°id  thiS  dam*ge>  the  bow  extremity  was  packed  with  a  layer  of 


In  later  testing  of  the  craft  with  flexible  skirts,  they  showed 
that  it  increased  the  speed  and  seaworthy  qualities  and  allowed  them  to 
proceed  with  the  designing  and  construction  of  a  larger  passenger  ACV  -- 
—  the  "Sormovich." 

The  Sormovich,  built  in  1965,  also  used  the  jet  system.  Its  full 
weight,  until  the  installation  of  flexible  skirts,  was  about  22  tons. 

It  had  a  length  of  26.5  meters  and  a  width  of  10  meters.  The  draught 
afloat  was  exactly  0.32  meters.  An  axial  12-bladed  fan  driven  by 

which  had  *°  ensure  a  lift  height  over  hard  surfaces  of  about 
0.2-0. 3  meters,  was  installed  on  the  Sormovich.  As  was  shown  in  test 
operations,  however,  this  height  also  was  insufficient  to  ensure  high 
seaworthy  capabilities,  and  installation  of  flexible  skirts  was  required  and 
later  completed.  The  main  engines  of  the  Sormovich  were  AI-20DK  gas  turbine.- 
with  2540  h.p. ,  which  drove  the  fan  and  the  two  4-bladed  regulated  pitch 
screws.  The  passenger  salon  was  situated  in  the  bow  section,  isolated 
from  the  machinery  compartment,  and  had  an  excellent  view.  Fifty  easy 
chairs  were  placed  in  the  salon.  The  estimated  speed  of  the  craft  was 
about  65  knots  over  calm  waters  and  27-43  knots  over  waves.  Its  range 
was  believed  to  be  400  kilometers. 
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Figure  42.  A  30-Ton  Experimental  Air  Cushion  Vehicle. 

To  provide  control  of  the  craft,  there  were  four  air  rudders  with 
hydro-drive  from  the  wheelhouse  suspended  on  the  screw's 
fitting. 

Also  in  the  Sormovich  were:  a  ballast  system  for  control  of  trim, 
a  bilge  system,  and  a  system  of  fire  extinguishers.  In  the  construction, 
of  the  hull,  light  alloys  and  glass  reinforced  plastic  were  used  extensively. 

Today,  tests  are  being  continued  with  trial  runs  of  the  Sormovich 
cn  the  Volga. 

We  have  examined  several  forms  of  ACV's  built  in  the  Soviet  Union. 
Further  research  is  being  carried  out  on  small,  self-propelled  and  non- 
-self-propelled  models,  in  order  to  create  larger  ACV's  with  higher  sea¬ 
worthy  capabilities  and  speeds. 


Chapter  II.  Basic  Features  in  the  Hydro-Aeromechanics  of  ACV's 

i  i  | 

§10.  Physical  Features  and  Characteristics  of  ACV's 

In  bringing  forth  and  solving  the  problems  in  the  hydro-aeromechanics 
of  ACV’s,  it  is  necessary  to  consider  the  basic  features  of  these  craft 
and  their  distinction  from  usual  vessels  and  aircraft.  ; 


Hydro-aeromechanics  of  ACV's  is  one  of  the  complex  divisions  of 
applied  mechanics,  embracing  problems  of  statics' and  dynamics  of  both  ' 

water  and  air.  ■  !  1 

In  the  majority  of  problems  concerned  with  hydro-aeromechanics  of 
vessels  and  aircraft,  the  movement  of  a  rigid  body  in  boundless  uniform 
fluids  is  examined.  In  contrast  to  this,  the  hydro-aeromechanics  of=ACV's 
are  determined  by  the  joint  solution  of  3  problems  concerning  movement 
in  dense  environments  of  varying  density  in  3  area  (water,  receiver. .-and 
cushion,  external  air  space  surrounding) the  ACV)  with  complex  border  con¬ 
ditions  of  surface  division.  The  ground  speed  of  water  apd  the  ground 
speed  of  air  inside  the  air  cushions  are  connected  by  physical  iconditions 
equal  to  the  normal  speeds  and  pressures  of  the  border  division  of  water 
and  air.  i 

i 

Theoretical  determination’ of  ground  speeds  ar.d  pressures  inside  the 
air  cushions,  according  to  the  given  law  of  distribution  for  the  normal  1 
make-up  of  the  border  division,  is  sufficiently  complex.  ' 

,  i 

The  difficulty  of  a  theoretical  solutiort  is  made  worse  by  the  necessity  1 
of  solving  this  problem  by  means  of  consecutive  approximation,  since  the 
ground  speed  of  the  moving  water  and,  consequently,  the  border,  conditions 
(law  of  distribution  for  normal  speeds  of  border  division)  depend  on  fields 
of  air  pressure  on  the  surface  of  the  division.  Therefore,  to  solve  the 
problem  practically,  one  has  to  use  a  purely  experimental  method  of  deter¬ 
mining  the  external  forces  acting  on  the  ACV  -  testing. models  in  a  basin. 


i 


i 
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Ini  the  majority  ojf  problems  concerned  with  the  hydro-aeromechanics  of 
vessels  and  aircraft,  the  movement  of  a  body  that  is  impervious  to  surrounding 
environments  is  examined.  One  of  the  basic  features  of  an  -ACV  is-  its 
permeability,  which  leads  to  the  appearance  of  specific  external  forces  of 
an  inertial  nature:  -impulse  resistance,  Coriolis  forces  in  movements  of 
circulation  and:  rotations  relative  to  longitudinal  and  transverse  axes. 

In  the  majority  of  problems  concerned  with  the  hydro-aeromechanics  of 
vessels  and  aircraft,  the  movement  of  bodies  ,with  fixed  geometric  forms 
is  examined.  A  significant  feature  <?f  an  ACV  with  flexible  skirts  is  the 
deformation  of  these  skirts  during  contact  with  water,  i.e.  there  arises 
the  problem  of  determining  the  external  hydrodynamic  forces  acting  on 
the  body,  the  form -.of  which  depends  upon  the  quantity  of  these  hydrodynamic 
forces ., 

1  The  whole  complex  of  hydro-aeromechanical  problems  may  be  divided 
roughly  into  three  groups.  ,  > 

•  4» 

The  first  group  encompasses  those  problems,  resolved  in  static  formula¬ 
tions,  in  which  fixed  rates  of  water  and  air  flow  (during  suspension  of  an 
ACV  over  a  site)  without  translational  movement:are  examined. 

The  second  group , includes  those  problems  in  which  fixed  flow  during 
an  ACVs  movement,  is  examined.  1 * 3 

,  i  1 

Those  problems  which  require  the  calculation  of  transient  movement 
of  an, ACV  before  they  may  be  solved  belong  to  a: third  group-. 

t 

Typical  problems  of  statics  of  an  ACV  are  those  problems  for  determining 
lift  characteristics  and  static  stability  of  an  ACV. 

I  •  ! 

In  determining  the  parameters  of  the  air  cushions  of  a  planned  craft, 
it.  is  necessary- to  ensure  t^he  completion  of  3  basic  conditions: 

1)  The  force  maintaining  the  craft’s  air  cushions  must  be  equal  to  the 
weight  of  the  craft.  '•  This  requirement  determines  the  geometric  dimensions 
(area)  of  the  cushions  and  the  quantity  of  excess  pressure  inside  the  cushions. 

J 

i  2)  The  quantity  df  air,  entering  the  ACV  through  the  fans,  must  be 
equal  to.  the  quantity  of  air  escaping  from  the  regions  of  excess  pressure 
under  the  ACV’s  hull. 

!  I 

3)  The  scheme. for  distribution  of  excess  pressure  and  air  flow  inside 
the  cushions  must  ensure  (a  stable  balance  of  ’lift  height,  list  angle,  and 
trim  for  the  ACV. 

i  i 

A  solution  for  these  problems  has  been  sought  by  designers  since  the 
initial  appearance  of  ACVs.  Many  interesting  ideas  have  emerged 
while  working  on  effective  ways  of  skirting  the  air  cushions  to  ensure  the 
greatest  lift  height 'at  given  expenditures  of  power. 

! 
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A  great  deal  less  attentiori"w£s  given  to  the  problems  of  air  moving 
along. inside  the  air  conductors:  in  the  ACV's  hull,  a  rational  choice  of 
types  of  fans,  their  influence  on  expended-pressure  characteristics' 
of  static  stability  of  lift  height,  list  angle,  and  trim. 

Until  recently,  there  has_been  littleinvestigation_of  such 
problems  as  the  influence  of’  static  stability  of  the  basic  parameters  of  air  . 
cushions:  the  pressure  in  the  cushions,  air  expenditure,  overflow  of  pressure 
between  the  receivers  and  the  cushions,  as  well  as  the  influence  of  Mechanical 
characteristics  and  rigidity  of  materials  of  the  flexible  skirts  on  the  lift 
characteristics  and  stability  cf  an  ACV.  Meanwhile,  test  work  with  models 
and  actual'  ACV's  .shows  that  many  of  these  factors  may -be  highly  essential. 

Added  to  the  number-  of  problems  in  the  second  group  are  the  problems 
of  maintaining  and  retaining  the  ACV's  air  cushions,  and  problems  connected 
with  the  determination  of  resistance  to  the  ACV's  movement. 

A  feature  of  ACV's,  in  compaiison  to  other  type  craft,  is  the  commen- 
suration-of  external  forces  of 'aerodynamic  and  hydrodynamic  natures.  This 
leads  to  the  necessity  of  having  to  consider  such  phenomena  as  aerodynamic 
clearance  of  the  craft  in  movement  due  to  aerodynamic  lift  forces  on  the 
null.  In  a  number  of  instances,  the  aerodynamic  lift  force  may  reach  10-15% 
of  the  craft's  weight.  This  changes  the  under-dome  pressure  in  the  air 
cushions,  the  quantity  of  air  expenditure,  wave  resistance,  etc. 

A  typical  feature  of  the  ACV  is  its  catching  and  moving  great 
volumes  of  air. 

The  flow  of  air  from  the  air  cushions  occurs  in  the  form  of  streams, 
usually  distributed  along  the  perimeter  unevenly,  due  to  the  actions  of 
corresponding  forces  on  the  craft.  The  longitudinal  make-up  of  this 
reaction,  creates  additional  resistance  to  movement  or  draught.  The  lateral 
make-up  of  the  reaction  leads  to  the  craft  becoming  lopsided,  to  drift, 
which  leads  to  the  appearance  of  hydrodynamic  forces  of  resistance  to  drift. 

One  of  the  essential  aerodynamic  features,  arising  from  the  ACV's 
movement,  is  the  interaction  of  the  air  stream  escaping  from  the  air  cushions 
meeting  with  the  rising  flow  of  air  outside.  Investigations  show  that  ACV's 
with  annular,  single-duct,  flow  screens  have  3  rates  of  movement,  characterized 
by  sharp  distinctions  in  distribution  of  air  fltiw  escaping  from  the  air 
cushions  (Figure  43).  At  low  speeds,  due  to  the  interactions  of  skirting 
streams  of  air  with  the  onrushing  flow  in  the  bow  section,  there  arose  rarefied 
zones,  air  from  the  air  cushions  being  directed  into  these  zones,  andr.static 
pressure  on  the  bottom  part  of  the  ACV's  bow  was  decreased  (Figure  43b). 

As  far  as  increases  in  speed  of  counter-flow,  the  bow  stream  is  dive,  ted 
to  the  sides  and  back.  Subsequently,  the  speed  of  pressure  becomes  equal  to 
the  static  pressure  in  the  air  cushions.  The  bow  stream  is  divided  in  two: 
part  of  the  air  continues  to  flow  in  front,  part  is  diverted  back  (Figure  43  c). 
Finally,  at  super-critical  speeds,  when  the  speed  of  pressure  exceeds  the 
total  pressure  of  the  stream,  all  of  the  air  from  the  jet  is  diverted  back, 
and  the  counter-flow  is  divided  in  two,  with  part  of  its  flowing  between  the 
vehicle  and  the  base  surface  (Figure  43d). 
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Figure  4j.  Diagrams  of  the  Interactions  of  Streams  Flowing  From  the  Air 
Cushions  with  the  Onrushing  Air  Stream:  a-V»0;‘ 
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In  the  operation  of  modern  ACV's,  the  second  and  third’ rates  of  flow 
are  not  attained,  as  a  rule,  because  the  pressure  'in  the  cushions  greatly 
exceeds  the  speed  of  pressure.  The  distribution  of  air  flow,  characteristic 
of  the  first  rate,  apparently  is  realized'  as  a  result  of  an  appreciable  de¬ 
crease  in  the  static  pressure  on  the  bottom,  occurring  during  fulfillment  , 
of  the  conditions 


?V* 

2 


i 


where  P 

P 


-  quantity  of  excess  pressure  in  the  receiver; 


p  -  mass  density  of  the  air. 

i.e.  at  velocty  V,  conforming  to  the  speeds  of  modern  ACV's. 


It  is  necessary  to  view  these  critical  phenomena,  in  order  to  avoid  the 
possibility  of  emergency  situations  when  the  craft  is  moving  at  high  speeds 
with  very  little  under-dome  pressure. 

The  .effect  of  the  zones  of  increased  pressure  (cushions)  on  the  free 
surface  of  the  water  is  the  appearance  of  waves  on  the  water's  surface.  The 
intensity  of  this  wave  formation  essentially  depends  on  two  factors:  the 
excess  pressure  in  the  cushions  and  the  speed  of  the  ACV. 
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Figure  44.  Diagrams  of  Wave  Formation  and  F'caps  of  Air  From  the  Air 
Cushions  at  Various  Froude  Numbers:  a  -  Fr  <0.5;  b  -  Fr  =  0.56; 

.  c  -  Fr  >  2.5. 

The  qualitative  characteristic  of  wave  formation,  during  the  movement 
of  an  ACV,  leads  to  the  following.  During  suspension  ox  an  ACV,  without 
translational  movement  (at  "stop"),  a  depression  is  formed  in  the  water 
under  the  ACV,  the  mid  depth  of  which  is  equal  to  the  amount  of  excess 
pressure  in  the  air  cushions  P^/y  millimeters  (Figure  44). 

During  translational  movement,  the  depression  is  deformed,  the  rear 
wall  becomes  more  sloped  than  the  front,  and  a  wave  system  appears  behind  * 
the  craft.  Just  as  during  movement  of  displacement-type  craft,  the  wave 
system  distinctly  is  marked,  varying  about  18°  in  angle  to  the  diametric 
planes  of  the  craft,  and  is  a  system  of  transverse  waves  (Figure  44a). 

Where  Fr  <0.5  of  the  length  of  the  air  cushions,  it  is  confined  to  a 
few  transverse  waves.  With  an  increase  in  speed,  the  length  of  the  air 
cushions  is  roughly  1/2  the  length  of  the  transverse  waves.  In  regard 
to  this,  the  bow  part  of  the  air  cushions  concides  with  the  peak  of  the 
first  half-waves,  and  the  stern  part  with  the  depression  of  these  half- 
-waves.  The  amplitude  of  the  transverse  waves  attains  maximum  meaning, 
and  the  ACV  acquires  significant  trimming  of  the  hull  (Figure  44b) . 

With  further  increases  in  speed,  the  wave  amplitude  decreases,  but 
their  length  increases.  At  large  F'toude  numbers,  deformation  of  the  free 
surface  vanishes,  and  movement  of  the  ACV  over  water  is  the  same  as  over 
a  hard  screen. 

As  a  result  of, the  deformation  of  ths  water's  surface  during  movement, 
there  is  a  redistribution  of  the  pressure  inside  the  air  cushions  which 
changes  embarkation  of  the  craft  (suspension  height,  list  ngle,  and  trim 
difference),  and  causes  additional  external  forces  of  hydrodynamic  nature. 
The  longitudinal  make-up  of  these  forces  is  called  wave  resistance.  The 
transverse  make-up  of  forces,  together  with  the  longitudinal  and  trans¬ 
verse  make-up  of  hydrodynamic  moments,  have  considerable  influence  on  the 
degree  of  stability  of  the  craft,  effecting  list,  trim  difference,  and  yaw. 

Problems  pertaining  to  the  third  group  include:  rolling  of  the  ACV, 
dynamic  stability,  course  stability  and  maneuverability,  as  well  as  some 
problems  of  speed  during  transient  rates  of  movement  (momentum  and  braking) . 
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In-  a  majority  of  cases,  during  movement  of  the  ACT,  there  is 
direct  contact  between  various  sections  of  the  hull  or  flexible  skirts 
and  the  water.  This  leads  to  the  appearance,  of  additional  hydrodynamic 
forces,  which  are  very  substantial  at  high  speeds.  In  connection  with, 
this,  it  is  necessary  to  note  still  another  feature  characteristic  of 
ACV's  with  flexible  skirts.  The  force  of  resistance  to  movement  depends 
on  the  rigidity  cf  the  flexible  skirt  and  its  deformation  during  wash- 
-off,  i.e.  on  the  mechanical  properties  of  the  material  and  the  con¬ 
struction  of  the  flexible  skirt. 

At  high  speeds,  the  forces  of  contact  hydrodynamic  origin  are  sc 
great  that  in  some  cases  buckling  occurs  -  a  loss  of  stability  for  the 
flexible  skirt  in  the  bow  and  its  being  sucked  under  the  hull.  The  center 
for  the  application  of  forces  to  maintain  the  air  cushions _is  shifted  sharply 
to  the  stern,  the  craft  is  trimmed  in  the  bow  and.  is  sharply  braked,  which 
might  lead  to  an  emergency  situation.  If  the  craft  moves'  along  a  curvi¬ 
linear  trajectory  or  with  drift,  the  list  angle  of  the  outside  also  is 
sharply  increased.  There  are  several  known  cases  of  the  English  SRN5 
ACT  capsizing  during  sudden  gyrations  at  high  speeds,  because  the  flexible 
skirts -buckled  under  the  contact  of  water.  To  prevent  similar. occurrences 
special  structual  arrangements  were  worked  out  which  would  ensure  a  de¬ 
crease  in  hydrodynamic  forces  during  the  flexible  skirts'  contact  with 
water. 

One  of  the  most  complex  problems  of  hydroaerodynamics  of  ACV's  is 
stabilization  of  the  craft's  movement  on  its  course  and  during  maneuvers. 

For  an  amphibious  ACT  that  doesn't  have  a  mechanism  for  control  in  the  water, 
stabilization  if  attained  by  aerodynamic  means,*  i.e.,  by  using  those  of  aerody 
namic  origin  (wash-off  of  the  flexible  skirts,  blows  from  the  waves,  etc.). 
Considering  that  the  density  of  water  is  800  times  greater  than  air,  it  is 
necessary  to  counter  the  perturbation  forces  by  increasing  the  area  of  the 
stabilizer.  However,  this  leads  to  an  undesirable,  increase  in  the  area 
of  the  sails  on  the  whole,  intensifying  the  amount  of  side  drift  in  czoss 
winds.  Besides  that,  during  movement  in  choppy  sea  conditions  its  speed 
often  is  less  than  with  a  fair  wind.  In  these  conditions,  the  unnecessarily 
developed  tail  unit  is  a  de-stabilizing  factor  and  only  hampers  control 
of  the  craft. 

Control  6£  an  air  cushion  vehicle  in  strong  winds  is  itself  a  com¬ 
plex  problem  and  requires  a  certain  amount  of  skill. 

•  On  the  other  hand,  many  modern  ACV's  are  equipped  with  a  complex  of 
controls  which  permit  completion  of  maneuvers  too  difficult  for  other  type 
craft. 

To  the  number  of  little-studied  problems  of  an  ACV's  hydroaerodynamics, 
the  problems  df  rolling  in  choppy  sea  conditions  must  be  added.  A  specific 
distinction  of  ACV's,  in  comparison  with  other  type  craft,  is  the  relation¬ 
ship  of  rolling  and  acceleration  in  choppy  sea  conditions  to  tin  basic 
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parameters  of  the  air  cushions  (pressure  and  expenditure  of  air) .  Therefore, 
in  designing  an  ACV,  there  are  problems  as  to  choice  of  the  basic  parameters 
and,  consequently^  the  power  equipment  of  the  craft  responsible  for  providing 
these  parameters  by  the  most  direct  form  in  connection  with ‘seaworthiness, 
which  the  planned -craft  must  have.  This  feature  allows  regulation,  to  a 
certain  degree,  of  an  ACV's  seaworthy  qualities  by  altering  the  expenditure 
of  air  in  relation  to  the  state  of  the  sea's,  surface,  and  may  also  be  used 
for  automatic  stabilization  of  an  ACV's  movement  on  choppy  seas. 

Another  specific  distinction  of  an  ACV  is  the  relationship  of  the 
rolling  characteristic  to  the  parameters  of  the  internal  system  of  air 
ducts  and  the  expended-pressure  characteristic  of  the  fans. 

In  those  instances  where  the  pressure  between  the  cushions  and  the 
receivers  is  very  insignificant  in  the  static  condition  of  overflow,  fluctua¬ 
tion  of  pressure  in  the  cushions  during  movement  on  choppy  seas  overflows 
to  the  receiver,  which  leads  to  a  change  in  the  rate  of  the  fan's  operation 
and  may  lead  to  engine  overload. 

In  reviewing  the  basic  features  of  an  ACV's  hydroaerodynamics,  one 
should  not  omit  such  phenomena  as  intensive  spray  formation  which,  in  a 
number  of  instances,  impedes  the  operation  of  the  ACV.  A  large  amount  of 
spray  and  small  water  droplets,  flying  out  with  the  streams  of  air  from 
theair  cushions,  hampers  the  view  from  the  wheelhouse  and  makes  it  necessary 
fo  install  special  filter-separators  where  the  air  enters  the  engines,  using 
special  structural,  measures  to  protect  the  blades  of  the  air  screws  from 
corrosion.  Sometimes  the  force  from  the  interaction  of  the  spray  stream 
with  the  hull  is  quite  substantial.  '  This  is  examined  in  more  detail  in 
Chapter  IV. 

§11.  External  Forces  Which  Act  on  ACV's 

Passing  on  to  the  amount  of  external  force  which  acts  on  an  ACV  during 
its  movement,  it  is  necessary  to  assume  a  working  hypothesis  which  allows 
a  simplified  solution  of  the  problem. 

The  hypothesis  assumed  in  the  current  chapter  consists  of  the  following. 
The  influence  of  wave  formation  on  the  free  surface  only  leads  to  deformation 
of  the  water's  surface  directly  in  the  zone  of  excess  pressure  (the  cushions) 
under  the  craft,  i.e.  the  wake  of  the  craft  does  not  lead  to  considerable 
redistribution  of  ground  speed  and  the  air  pressure  in  the  space  surrounding 
the  craft. 

This  hypothesis  proves  correct  according  to  the  above-stated  observations, 
and  may  be  confirmed  by  experimental  means,  it  allows  one  to  acquire,  for 
theoretical  examination,  almost  all  categories  of  experimental  work  with 
models  r  id  ACV's. 

A  diagram  of  the  ACV's  movement  is  set  forth  in  Figure  45. 
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Figure  45.  Diagram  of  an  ACV's  Cross-Sections  for  Determination  of 
External  Forces. 

The  air  enters  the  hull  of  the  ACV  through  the  fan  and  flows  from 
the  air  cushions  in  the  forto  of  streams.  Deformation  of  the  water's  free 
surface j  in  the  regions  of  increased  pressure,  is  determined  by  the 
equation  (Figure  45) 

Vo  =  yn(x>  *)•  d) 

Variou''  'ections  of  thg  hull  or  flexible  skirts  are  in  direct  contact 
with  the  water.  The  speed  V  of  a  craft,  like  any  solid  body  in  a  fixed 

cl 

system  of  coordinates,  is  determined  by  the  law 

1 \  =  V(t)  +  uX?  -  (2) 


In  the  observed  moment  t,  the  initial  points  of  mobile  and  fixed 
systems  of  coordinates  coincide  with  the  center  of  gravity  of  the  ACV. 


The  quantity  of  external  forces  dR,  applied  to  the  element  do  of 
the  hull's  surface  with  the  side-surrounding  environs,  equals 


'  dR=-.—~p'da,  (3) 

where  p'  -  vector  of  the  density  of  distribution  of  surface  forces  (tension) 
•  [31]. 

The  vector  p'  may  be  presented  as  the  sum  or  three  vectors 


'  f  —  pn  -f  Apn  4-  «*■  ‘  " 


where  n  -  normal  vector  to  the  ACV's  surface; 

t  -  a  single  vector ,^in  ling  with  the  intersection  of  planes,  con¬ 
taining  vectors  p'  and  n,  with  a  tangent  plane  (Figure  46); 
p  -  quantity  of  aerodynamic  pressure,  acting  on  part  of  the  surface 
in  the  absence  of  viscosity; 

Ap  -  an  addition  to  the  quantity  of  pressure  of  conditional  viscosity; 
e  -  amount  of  projection  of  vector  p'  to  the  tangent  plane,  i.e. 
the  elementary  force  of  friction. 


To  calculate  the  total  forces,  acting  with  the  side-surrounding  environs, 
it  is  necessary  to  integrate  the  quantity  aR  along  all  surfaces  a  of  the 
ACV's  hull,  which  come  into  contact  with  water  and  air.  .Calculation  of 
this  integral  is  easy: to  carry  out  by  breaking  the  surface  integrals  into 
the  following  parts: 


a  +  a  , 
a  g’ 


where  a  -  external  surface  of  the  ACV  and  flexible  skirts; 

a  -  that  part  of  the  surface  bounded  by  water, 
g 

In  its  own  way,  the  surface  a  also  is  divided  into  two  parts 

cl 


°a  =  °1  +  °2» 

where  -  external  surface  of  the  ACV  and  flexible  skirts; 

a 2  -  internal  surface  of  the  ACV,  bounded  by  the  flow  of  air,  i.e. 
the  surface  of  the  receiver,  the  bottom,  and  the  inside  surface 
of  the  flexible  skirts. 
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Figure  *j6.  Diagram  of  the  Force, 
Acting  on  the  Surfaces  of  an 
ACV's  Element. 


In  addition,  there  is  the  surface 
of  the  normal  profile  of  the  air  stream 
Oy  escaping  along  the  perimeter  of 

the  air  cushions,  and  part  of  the 
water's  surface  bordered  by  the  air 
cushions  ft. 

The  external  force,  acting  on 
the  ACV  with  side-surrounding  environs 
may  be  presented  as  types  of  force: 
aerodynamic  and  hydrodynamic 


where 


*r—  JJ?*. 


The  aerodynamic  force  R  ,  in  its  own  way,  may  be  presented  as  two  types 
of  force,  acting  on  the  external  R*  and  internal  R**  parts  of  the  hull's 

a  ci 

surface  of  the  ACV, 


where 


R\  -  —  J  J  fa',  K'  ~  II  P'da‘ 


To  calculate  the  integral  of  the  surface  forces,  applying  to  the  internal 
surfaces  of  the  ACV,  one  uses  the  theorem  of  quantitative  movement  conforming' 
to  the  control  surface,  bordered  by  the  volume  U^,  of  air  in  the  receiver  and 

air  cushions.  This  control  surface  is  stationary  in  systems  of  coordinates 
connected  with  vessels.  Therefore,  the  equation  of  quantitative  movement 
for  relative  speeds  Vr  [31]  is  in  the  form  of 


If  fa +?!!!*■*'- 

’  0% 
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where  R  -  vector  of  the  mass  force  of  air. 

Due  to  this  scheme  for  control  surfaces,  the  normal  make-up  of  V 

rn 

for  relative  speeds  is 


anywhere,  with,  the  exception  of  normal  profiles  a,  of  the  air  streams, 

■/ 

escaping  from  the  cushions,  the  base  surface  ft,  and  that  part  of  the 
surface  0 f  which  the  air  flows  into  the  ACV's  hull.  It  is  assumed 

furthermore ,  that  division  of  the  external  and  internal  parts  of  the  flow 
of  air  along  the  face  of  the  fan  agrees  with  those  parts  of  the  surface 
Oj  and  o^‘  It  follows  that  one  should  look  upon  this  as  normal  to  the 

surfaces,  in  each  case  being  directed  inside  the  areas,  i.e.  to  the  part 
a 2  inside  the  receiver,  and  to  the  part  o,  outside. 

A  special  symbol  "ov"  is  used  for  this  part  of  the  surface  . 

On^the  basis  of  formula  (7) ,  the  quantity  of  internal  aerodynamic 
forces  R**  may  be  written  as 

«,  .  «i+s  0,  (8) 

-  *4  s  [s ir'“u + + p  y  ,  ■ 

In  calculating  the  external  aerodynamic  forces  ft*,  it  is  expedient 

<  *V 

to  divide  it  into  the  forces,  acting  in  ideal  fluids  R^d  and  forces  RaJ, 

produced  by  viscosity  of  air.  With  this  in  mind,  the  quantity  p1  appears 

in  the  integral  as  the  sum  of  three  terms,  in  accordance  with  formula  (4). 
A  substitute  for  this  calculation  is 


where 


Kz  1 1 1™*3'  = “  1 1  ^pn + * x )  *• 


(9) 
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To  calculate  the.  first  term  on  the  right-hand  side  of  the  formula., 
one  should  apply  Kirkhof 's  method  for  determination  of  the  hydrodynamic 
reactions  in  the  movement  of  bodies  of  arbitrary  form  in  boundless  ideal 
fluids  [26]..  The  quantity  of  force ;  arising  with  the  flow  of  air  from  the 
surrounding  area,  to  the  hull  of  the  moving  ACV,  is  calculated  by  using 
the  concepts  of  N.  E,  Zhukovski  [20]  which  determine  the  reactions  to  the 
intake  of  fluids1. 

We  use  this  Kirkhof-Zhukovski  method  to  calculate  the  forces,  acting 
on  a  body  in  boundless  fluids.  In  order  to  consider  the  influence  on  a  free 
surface,  we  should  examine  the  movement  of  twin  bodies  in  boundless  fluids. 
Skirting  these  bodies  are:  the- hard  surfaces  of  (with  the  exception 

of  o  ,  which  is  a  permeable  surface)  and  o^,  and  the  symmetry  of  their 

surfaces  relative  to  the  free  surface  of  the  water.  Due  to  the  symmetry 
of  the  bodies,  the  flow  will  be  symmetrical  to  the  points,  situated  in 
symmetry  relative  to  the  planes  of  the  free  surface  of  the  water.  There¬ 
fore,  the  force  acting  on  the  upper  half  of  the  twin  bodies  is  equal  to 
half  the  forces  acting  on  the  whole  body. 

Regarding  what  was  just  said,  it  is  possible  to  present  the  quantity 
of  forces  R|.^  as  the  sum  of  two  quantities 

=  ^  J  I  P?o ndz  +  p  J  j  V,Vrnda,  ( 10) 

o.+e. 


where  i|)q  -  potential  air  flow  in  the  area  surrounding  the  craft. 

In  accordance  with  this  concept,  Vrn  ^  0  only  on  surface  ay.  There= 
fore,  i.  ^•"mula  (10) 

,  pjj^v,nd,=pjjrx>.  (n) 

«!+«»  «8 


1 Kirkhof' s  method  cannot  be  applied  for  determining  the  reactions  of  liquids 
flowing  out,  so  the  formula  of  Ostrogradski-Gauss  is  used  in  the  process  of 
transformation,  but  it  may  be  applied  often  on  examination  of  functions 
with  continuous  derivatives.  As  much  as  the  flow  of  air  from  the  cushions 
bears  a  stream  characteristic  and  the  ground  speed  of  the  air  is  broken 
in  the  confines  of  the  streams,  we,  following  N.  E.  Zhukovski  [20], 
determine  the  reaction  of  the  fluids  flowing  out  with  the  aid  of  quantitative 
theorems  of  movement,  and  the  total  reaction  of  air  from  the  sides  we  find 
as  the  sum  of  forces  applicable  to  the  external  and  internal  surfaces  of  the 
ACV. 


-8S- 


To  calculate  the.  total  quantity  of  forces  R,  acting  on  an  ACV,  it  is 
necessary  to  add  to  formulae  (5)  and^(6)  the  equations  (8)  and  (9)  with 
the  quantity  of  hydrodynamic  forces  R  .  Substituted  next  in  the  right - 

-hand  side  of  (9)  is  Rt^,  calculated  by  formula  (10)  with  the  calculation 

of  (11),  we  get  (from  calculating  the  normal  attitudes  on  surface  crp 

'  \  '  ,  ••  ;  •  •‘+**  *  .  . 

:+  pj  j  &■-?,>  + n  ?<*» + p  j  j  v,v,ndi +Pm  + .  1  • 2) 

i':  .««  *.,  0  ■  •;  *»  ■ 

■'  ,  + p  J  J  v,  V9 


We  .observe  the  physical  meaning  of  the  integrals  received  in  the 
determination  of  the  separate  component*  of  external  forces  of  an 
aerodynamic  nature: 

i)  1  Rtl  =  —  J  £  (Apn  -f  tx )  da,  ■  .  (13) 

^al  -  the  aerodynamic  force,  due  to  force  of  viscosity  of  the  air. 

By  composing  it  along  the  axis ,  the  speed  system  of  coordinates  is : 

al  A  force  of  aerodynamic  resistance  (along  axis  x) ,  in  numbers 
of  inductive  resistance; 

b)  Aerodynamic  lift  force  on  the  hull  (along  axis  y) ; 

c)  Aerodynamic  side  force  on  the  hull  of  an  ACV,  its  rudder,  stabilizer, 
etc.  (along  axis  z) . 


fl.i  =  -?4r]$?ondo, 


Rfl2  -  a  force  of  inertial  nature,  acting  on  an  ACV  in  transient 
movement.  • 

3)  R..=pfj (is) 

Raj  -  reaction  of  the  incoming  air,  an  additional  force  of  inertial 
nature,  acting  on  an  ACV  with  side  masses  of  air  carried  into  movement. 
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With  V  =  V  +  V  (movement  without  torque,  co  =  0)  R  „  =  p V/  /V  da  = 
a  r  n  '  ao  0  rn 

-V  v 

=  -pQV,  the  so-called-  force  of  impulse  resistance  is 


4) 


(16) 


R  .  -  the  integral  of  surface  forces  along  the  base  surface  ft.- 


Thus,  for  the  aerodynamic  force,  in  the  general  movement  of  an  ACV, 
this  vector  has  three  compoenets:  along  the  axis  x  -  wave  resistance,  along 
axis  y  -  a  supporting  force  for  balancing  the  basic  part  of  the  ACV's 
-weight,  and  along  axis  z  -  a  side  force. 

5>  j.s=P£^,>,  cn) 

R^  -  reaction  of  the  air  stream,  escaping  from  the  area  of  the  air 
cushions . 


This  force,  in  projection  of  axis  x,  makes  for  additional  resistance 
or  draught.  The  vertical  make-up  of  speed  in  the  streams,  with  the  ACV 
suspended  over  water,  is  directed  upward.  This  leads  to  a  decrease  of 
the  forces  maintaining  the  ACV  on  the  water  -in  comparison  to  the  forces 
for  maintaining  an  ACV  over  a  flat  hard  screen.  During  movement  or 
stationary  suspension  of  the  ACV  with  list,  the  reaction  of  the  air  streams 
also  has  a  lateral  make-up  -  a  projection  of  axis  z. 

«  r..=pJ  »8> 

Ra6  -  the  resultant  mass  of  forces,  acting  on  the  internal  surfaces 

of  the  ACV.  From  these  forces,  there  are  usually  significant  inertial 
forces  in  the  take-off  of *an  ACV  and  Coriolis  forces  in  the  ACV's  movement 
in  a  curved  linear  trajectory.  These  forces  are  calculated  for  solving 
problems  of  maneruverability  of  an  ACV. 

7)  .  /?s7  =  -pjjV>,nda,  (19) 

c  ’ 

Ra^  -  a  force,  caused  by  the  redistribution  of  fields  of  air  pressure 

in  the  cushions  due  to  fluctuation  of  the  water's  base  surface.  On  the 
right-hand  side  of  formula  (12),  there  are  two  terms,  considering  the 
external  aerodynamic  forces,  acting  on  the  ACV. 


arises  due  to  the  transience  of  ground  speed  inside  the  ACV  and  in  the  air 
cushions . 
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f 


The  forces  R  _  and  R  0  show  a  considerable  effect  on  rolling  of  the 
ACT.  a7  *S  ’  ‘ 

I 

.  -y-  i 

The  force  R  =  (  /p'do,  in  practice,  usually  is  not  considered  due 
av 

to  the  small  quantity  of  surface  cr^  compared  to  the  ,surf aces  and  0. 

9)  &— .  ,  C21) 

S  .  *r 

R  -  the  force  of  the  interactions  of  the  ACV  with  water,  due’  -to 
r  . 

wash-off  on  the  hull  or  flexible  skirts.  ‘  1 

We  pass  on  to  examination  of  those  moments  *  acting  from  the  side 
surrounding  environs,  without  making  repeated'  inferences  to  the  list 
of  external  moments  and  remarks  concerning  them.  They  all  may  be  stated 
as  analogous  to  the  basic  theorems  for  moments  of  quantitative  movement:- 


Mr  -  moments  of  hydrodynamic  force 


(22) 


M  .  -  moments  of  external  aerodynamic  forces,  caused  by  the  viscosity 

8.1  i 

of  fluids  , 


M,i  =  —  J  J  \r  X  (A pn  +  ®  *)I  do;  ■ 


(23) 


M  0  -  moments  of  associated  masses  of  air 
a2 


=  —  p  J  J  ?0  {jrX  n)  do; 


(24) 


Ma3  -  moments,  acting  on  an  ACV,  due  to  the  air  being  carried  into 
movement  with  the  ACV,  ! 


(25)  ! 


M  ,  -  moment  of  surfacd  force  on  the  base  surfac'e  of  the  Water 

a4 


i 


i 


I 


2 


M  c  -  reactive  moment'  of  the'  air  stream 
a5  :  . 


Ma6  *  momen^  °*  internal  mass  aerodynamic  force 


A  -  -  moment  of  force  due  to  the  redistribution  of  air  pressure 

j _ i  * _ r-i _ a _ ‘  c  -*_i _ _ _ r* _ 


during  fluctuation  of  the  base  .surface 


!  a8  -  moment  of  internal  force  of  a  transient  nature 


1  The  list  of  forces  and  moments  set  forth  represents  the  entire  number 
of  external  forces  of  hydroaerodynamic  nature  which  act  on  an  ACV.  Methods 
for  the  practical  calculation  of  external  forces  will  be  ex?  '“ined  late  in 
a  .special' chapter  devoted  to  the  problems  of  speed,  control,  and  stability 
of  an  ACV..  1  • 

,  i 

SjiTT.  ’Some  Situations  Connected  With  Research  on  ACV':>  With  the  Aid  of 
Model  Experiments  1 

,As  was  noted  above,  some  categories  of  external  forces  which  act  on  an 
'ACV  cannot  be  found  at  present,  theoretically,  and  to  determine  them  it  is 
necessary  to  set  up  a  model  experiment. 

The  means  of  conducting'  the  model  experiment  and  the  laws  of  similarity 
:  in  duplicating  the  hydrodynamic  characteristics  of  an  ACV  without  flexible 
skirts  are  worked  ojit  in  sufficient  detail. 

The  use-  of  flexible  skirts  for  improving  the  seaworthiness  of  an  ACV 
posed  a  number  of  new  problems  connected  with  duplication  of  the  deformation 
(of  the  flexible  skirts  in  the  simulation  of  external  forces,  .i.e.  the 
question  yias  raided  concerning  the  duplication  of  characteristics. and 
structural  materials  of  the  flexible  skirts.  This  side  of  the  problem  still 
Jtas  not  been  solved  satisfactorily.  Therefore,  in  speaking  about  the 
influence  of  mecbanipal  properties  of  flexible  skirts  on  the  hydrodynamic 
characteristics  of  an  ACV,' one  may  state  only  those  preliminary  results 
which  have  no  bedring  on  its  systematic  character. 


Iil  contrast  to.  the  average  structural  materials,  materials  which  are 
used  in  the  manufacture  of  flexible  skirts  are  not  isotropic  and  do  not 
obey  Hook's  law; 

In  order  to  characterize  the  deformation  of  materials  under  stress, 
a  complex  of  diagrams  are  utilized  to  represent  the  normal  characteristics 
of  the  materials.  It  includes,  first  of  all,  two  diagrams  showing  stress 
(with  the  dependence  of  the  relative  length  e,  on  the  linear  load  Rp  in 

kilograms  of  force  per  meter)  in  one  direction  with  a  fixed  linear  load  in 
a  transverse  direction;  secondly  -  a  group  of  diagrams  of  stress  for  a 
given  size  load's  shift. 

It  is  easy  to  see  that  it  is  practically  impossible  to  select  two 
such  materials  (one  for  models,  the  other  for  full-size  craft)  which  would 
be  suitable  for  all  mechanical  parameters:  thickness,  specific  weight, 
module  of  elasticity  with  tension  along  the  base,  module  of  elasticity 
with  tension  along  the  cleat,  module  of  elasticity  with  shift  for  all 
size  loads,  etc. 

Besides  this,  at  least  some  types  of  deformation  may  depend  not  only 
on  the  normal  characteristics  of  materials,  but  also  on  the  structure,  i.e. 
the  number  of  layers  of  rubber  which  line  the  base  of  the  material,  thickness 
of  the  layers  and  type  of  adhesive,  frequency  of  the  materials  netting,  et c. 

Therefore,  for  an  approximate  calculation  of  the  influence  of  the 
mechanical  properties  of  the  flexible  skirts'  material  on  the  hydrodynamic 
characteristics  of  an  ACV,  one  should  strive  to  duplicate  one  set  form 
or  another  of  the  deformation  of  the  flexible  skirts  and  to  maintain  similarity 
according  to  the. parameters  for  determining  this  type  of  deformation. 


*  *  k  .4ft  .. 


Pp<fn<hi'- 


Figure  47.  Diagrams  of  the  Deformation  of  Flexible  Skirts:  a  -  buckling  Upon 
Contact  With  Water;  b  -  Shift  Upon  Contact  With  Water;  c  -  Straightening-Out 
of  a  Section  Upon  Increasing  Pressure  in  th°  Receiving;  d  -  Stress  of  a  Section 
Upon  Increasing  Pressure  in  the  Receiver 
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n4  =  — -if —  =  Eu  -  Eiler  number,  proportionate  in  relativity  of  under-dome 
pressure  in  the  cushions  to  the  velocity  of  air  pressure. 

.  This  parameter  determines  the  similarity  of  the  processes 
of  air-escaping  from  the  air  cushions  and  direction  of 
•.  .  take-off  for  the  spray  stream,  as  well  as  characterizing 

•  the  rate  of  the  fan's  operation; 

\  -  relationship  of  the  mass  density  of  water  and  air; 

4 

n,  =  i}i  "  trim-  difference; 

‘  rr- 

-  Weber  number,  determining  the  similarity  of  the  process 

■  -  of  spray  formations  and  quantity  of  spray  drop; 

„  _En*g 

~  jytit  ~  Koska  number,  determining  the  similarity  of  the  bending 
-  of  the  flexible  skirt's  elements  by  the  forces  of  water 

■  ..  and  air  pressure; 

'  T? 

11ia—  G  -  parameter,  characterizing  the  similarity  of  the  deformation 
of  the  flexible  skirts  by  gravitational  forces. 

During  investigation  of  the  lift  height  of  an  ACV  with  flexible  skirts 
(suspended  over  a  screen  without  translational  movement),  some  of  the  above 
parameters  proved  to  be  non-existent  (speed  of  movement,  physical  properties 
of  the  water) . 


In  contrast  to  this,  parameters,  characterizing  different  forms  of 
deformation  of  the  flexible  skirts,  acquire  great  significance. 


Non-dimensional  lift  height  may  be  presented  in  the  form  of  the  following 
function:  ...  • 


hi. 

L' 


(32) 


where  E'i'L*  “  parameter,  characterizing  the  similarity  of 

?u“  -  "straightening"  the  flexible  skirts  by  the  force 

of  pressure  of  air  exhaust  for  the  flexible  skirts 
(Figure  47c) ; 


IT,} 

n„ 


QL%  -  parameter,  determining  the  similarity  of  the 
■  processes  of  air  escaping  from  the  air  cushions, 
i.e.  a  change  in  quantitative  movement  on  the 
outskirts  of  the  air  stream  under  the  effect  of 
excess  pressure  in  the  cushions; 

E-L 

q  -  parameter,  determining  the  similarity  of  deformation 
of  tension  without  bending  the  flexible  skirts  under 
the  effect  of  excess  pressure  in  the  cushions 
(Figure  47d) .  This  parameter  is  most  characteristic 
of  the  sectioning  of  flexible  skirts,  since  it 
determines  the  quality  of  condensation  for  the 
air  cushions; 
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"£,~„  -  parameter,  charaeterizing  the  rigidity  of  the 

Bj«=  — flexible  skirts,  in  relation  to  the  ACV's  weight 
without  flexible  skirts; 


-  parameter,  determining  the  deformation  of  the 
flexible  skirts  under  the  effect  of  the  forces 
of  weight. 


In  practice,  two  of  the  last  parameters  usually  prove  to  be  immaterial, 
as  in  the  parameter  JI^  with  modelling  of  resistance. 

To  investigate  lift  height  over  water,  it  is  necessary  to  introduce 
additional  parameters:  a  Weber  number,  n^,  and  a  Froude  number  (in  moving). 

To  examine  problems  of  stability  for  an  ACV,  with  typical,  independently- 
measured,  physical  parameters,  one  must _ introduce  additionally:  pressure  in 
the  receiver  Pp,  variable  quantity  of  pressure  in  the  air  cushions  p,  (x,z), 
the  area  of  the  air  cushions  S,,  and  the  width  of  the  air  cushion  B.T 


The  relationship  between  the  quantity  of  non-dimensional  restored 
moments  and  typical  non-dimensional  parameters  is  presented  in  the  form 
of 

~  ®  (®l»  ^2*  ®3*  nS»  ^6’  ^8*  ^16»  ®u)*  (33) 


where,  in  addition  to  the  knGwn  designators,  the  following  new  designators 
are  implemented: 


parameter,  determining  the  similarity 
of  the  quantity  of  air  expenditure? 


p {x,  z)  -  analog  of  Eiler  numbers; 

G/S, n 

nj  ==  -  angle  of  trim  difference  for  an  ACV  hovering 

without  translational  movement  (at  stop); 


_  list  angle  for  an  ACV  hovering  without 
translational  movement  (at  stop); 

U  _  G 

17  fgS*  -  parameter,  determining  the  similarity  of 

the  load  weight  of  models  and  actual-size  craft. 


The  influence  of  the  remaining  factors  (spray  formation,  mechanical 
properties,  and  rigidity  of  materials  in  the  flexible  skirts)  was  not  taken 
into  account  in ^examining  the  problems  of  stability. 

Upon  examining  the  makeup  of  the  parameters  for  a  model  (set  forth  on 
page  114)  it  was  proven  that,  using  modern  methods  for  conducting  the  experiment, 
it  is  impossible  to  meet  the  requirement  for  constancy  of  numerical  meaning 
of  all  parameters  under  actual  and  model  conditions  simultaneously,  i.e.  it 
is  impossible  to  provide  total  similarity  of  the  physical  processes  involved 
in  model  and  actual  conditions. 
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For  example,  to  fashion  a  model  using  Froude  numbers,  it  is  necessary 
to  decrease  the  geometric  dimensions  by  decreasing  the  speed  of  movement 
and,  using  Reynolds  numbers  -  by  increasing  the  speed  of  movement.  This 
contradiction  is  solved  by  means  of  isolating  the  total  amount  of  resistance 
to  movement  from  forces  of  friction  on  water,  the  main  form  depending  on 
Reynolds  numbers  and  the  remaining  parts  on  Froude  numbers,  i.e.  by 
evaluating  the  amount  of  resistance  in  actual  proportion  to  the  cube  of 
the  linear  scale.  For  calculating  the  resistance  of  a  fast-movi,-^  glider 
craft,  the  resistance  of  friction  usually  is  not  isolated,  but  the  total 
amount  of  resistance  in  models  is  evaluated  in  actual  proportion  to  the 
cube  of  the  linear  scale.  In  principle,  this  will  lead  to  an  excess  of 
resistance  in  an  actual-size  launch,  therefore  the  Reynolds  number  is 
increased  and  the  coefficient  of  friction  on  water  is  decreased  during 
transition  from  model  to  actual-size. 

It  has  been  shown  in  practice  that  such  evaluation  gives  satisfactory 
results  without  excesses  of  natural  resistance.  This  is  connected,  apparently, 
with  the  fact  that  some  additional  resistance  increases  faster  than  according 
to  the  cube  of  the  scale. 

Today,-  considering  the  total  physical  processes,  it  is  expedient  to 
carry  out  an  evaluation  of  the  hydrodynamic  makeup  of  resistance  in  both 
ACV's  and  glider-type  craft  according  to  the  cube  of  the  scale,  maintaining 
throughout  the  test  an  equality  of  Froude  numbers  in  the  actual-size  and 
model  craft  and  disregarding  friction  on  water  for  the  model. 

However,  modelling  according  to  Froude  numbers  does  not  allow  one  to 
determine  forces  of  resistance  of  aerodynamic  nature.  The  hulls  of  ACV's 
are  usually  poorly-streaiplinedlbodies,  which  accounts  for  a  great  deal  of 
profile  resistance.  To  determine  this  resistance,  it  is  necessary  to 
conduct  tests  at  great  Reynolds  numbers,  exceeding  the  critical  mark  Re^ 

It  is  possible  to  conduct  such  a  test  only  in  a  wind  tunnel,  because 
the  speed  of  a  model's  movement  relative  to  the  air  in  a  test  basin  is 
many  times  less  than  the  speed  of  air  flow  in  a  wind  tunnel. 

A  specific  feature  in  determining  resistance  to  an  ACV's  movement  is 
that,  in  a  model  experiment,  it  is  necessary  to  carry  out  the  test  in  two 
stages:  in  a  test  basin  and-  in  a  wind  tunnel. 

Division  of  the  experiment  into  two  stages  involves  additional  outlining 
and  distortion  of  the  physical  conditionssin  movement  which,  naturally,  serves 
as  a  source  for  additional  errors.  Testing  in  a  wind  tunnel  omits  consideration 
of  deformation  of  the  base  surface  under  the  craft,  wave  formation  and 
additional  forces  involved  in  the  contact  with  water,  changes  in  the  angle 
of  trim  difference  alld  the  lift  height  of  models.  Cpnditions  for  testing 
models  in  a  wind  tunnel  a^e  approximate  to  conditions  of  an  ACV  moving 
without  any  contact  with  v/\ter  at  very  high  speeds,  »'s"'':eding  the  average 
speeds  of  modem  ACV's. 
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In  testing  model  ACVs  in  a  wind  tunnel,  it  is  possible  to  provide 
modelling  principally  according  to  parameters  II^,  II^,  II,.,  i.e.  to 
model  the  processes  of  flow  along  the  external  surfaces  or  the  ACV  as 
well  as  inside  the  hull.  There  is  a  special  interest  in  this  so-called 
modelling  process  concerning  the  interaction  of  external  and  internal 
flow  of  air,  i.e.  the  influence  of  air  intake  through  the  fans  on  res  vs 
to  movement  and  of  the  lift  force  on  the  hull  of  the  ACV,  as  well  as  t\e 
interaction  of  the  air  stream  escaping  from  the  air  cushions  and  the  flow 
of  air  outside.  However,  this  big  possibility  has  not  been  realized  i.i 
current  times  because  of  the  insurmountable  technical  difficulties.. 
one  has  succeeded  in  placing  in  model  ACVs  (bound  by  dimensions)  fart;.  and 
engines  which  would  provide  the  output  and  air  pressure  necessary  for 
aerodynamic  similarities  of  air  flow  on  the  outside  and  inside  of  th^  r;odel's 
hulls.  In  Table  2  results  of  calculations  are  set  forth  which  il'lus'.rate 
this  contradiction  in  the  example  of  the  English  SRN3  ACV. 

Table  2.  Estimation  of  Reynolds  Numbers  in  Accordance  With  the  Conditions 
of  Modelling  External  and  Internal  Air  Streams 
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50 
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60 
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.  885 
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5,34 

.63,0 

5,95 

70 
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1210 

1440 

6,23 

100  • 

6,95 

From  Table  2  it  is  clear  that,  to  ensure  critical  Reynolds  numbers  for 
the  air  flow  inside  the  models,  it  is  necessary  to  use  engines  of  such 
power  and  weight  and  loads  of  such  aerodynamic  weights  that  this  experiment 
would  currently’ be  unrealistic. 

Therefore,  mock-ups  (without  internal  air  ducts  and  without  fans)  are 
presently  beihg  tested  in  wind  tunnels  as  models  of  the  ACV's.  This  permits 
measuring  forces  and  moments  during  testing  to  determine  the  main  forms  of 
external  aerodynamic  flow,  without  calculating  the  influence  of  interactions 
with  internal  aerodynamic  flow.  In  addition  to  these  forces  there  are: 
aerodynamic  profile  resistance,  lift  force  on  the  hull,  moment  of  pitching, 
stabilizing  forces  and  moments  when  the  model  is  blown  to  a  slanting  position, 
as  well  as  revolving  derivatives. 

Besides  this,  testing  of  a  mock-up  permits  avoiding  the  principal 
difficulties  connected  with  modelling  the  reactive  makeup  of  resistance  in  an 
ACV. 
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After  conducting  tests  in  a  wind  tunnel  and  test  basin,  it  is  necessary 
to  sum  up  the  resuits  which  were  received.  If  all  the  forces  are  of  an 
aerodynamic  nature,  including  profile  and  impulse  resistance  and  reaction 
forces  received  during  tests  raade  in  the  wind  tunnel,  it  is  necessary  to 
eliminate  them  from  the  forces  of  resistance  for  tow-typs  models  so  that 
they  will  not  be  taken  into  account  twice.  The  force  of  impulse  resistance 
may  be  calculated  according  to  tho  theoretical  formula  of  N.  E.  Zhukowski  [20] 
in  order  to  find  the  total  amount  of  measured  resistance.  The  force  of 
aerodynamic  resistance  for  tow-type  models  is  determined  approximately  by 
measuring  resistance  in  models  suspended  on  a  cart  with  the  fans  not 
working.  Consequently,  this  force  also  may.be  calculated  from  the  amount 
of  tow- type  resistance.  However,  to  distinguish  the  reaction  force  of  the 
air  stream  from  the  total  amount  of  tow-type  resistance  is  impossible  in 
principle.  Therefore,  it  is  necessary  to  determine  the  reaction  forces  in 
the  makeup  of  forces  of  hydrodynamic  resistance  and  to  test  a  mock-up  in 
a  wind  tunnel  without  modelling  the  air  cushions. 

In  completing  the  examination  of  the  problem  of  carrying  out  tests  on 
model  ACV's  in  a  wind  tunnel,  one  more  circumstance  should  be  noted. 
Aerodynamic  forces  and  moments,  acting  on  an  ACV,  essentially  depend  on 
the  proximities  of  the  borders  of  air  flow  to  the  base  surface.  Therefore, 
tests  of  models  often  are  carried  out  in  the  presence  of  a  screen,  imitating 
the  base  surface.  Due  to  the  manner  of  movement,  the  surrounding  condition 
of  the  base  surface  is  broken.  The  flow  of  air  in  the  wind  tunnel  moves 
in  relation  to  the  screen,  a  surrounding  layer  forms  on  the  screen  -  the 
thickness  of  which  is  commensurate  with  the  height  of  clearance  between 
the  model's  hull  and  the  screen.  In  actual  conditions,  the  air  is  stationary 
in  relation  to  the  base  surface  and  this  surrounding  layer  does  not  appear. 

An  investigation  was  carried  out  on  the  influence  of  this  phenomenon 
on  the  distribution  of  pressure  along  the  hull  of  a  model  ACV.  To  approximate 
natural  conditions,  the  base  surface  was  in  the  form; of  conveyer  belts 
which  could  shift  with  the  speed  of  the  air  in  the  wind  tunnel.  Comparison 
of  results  'from  measuring  pressure  during  movement  and  at  rest  of  the 
conveyer  belts  shows  that  breaks  in  the  surrounding  condition  (on  a  free 
surface)  appear  in  the  base  of  parts  of  the  hull,  converting  immediately 
to  the  screen,  but  on  other  parts  of  its  surface  this  influence  is  non¬ 
existent. 

In  carrying  out  tests  of  tow-type  ACV  models  in  a  test  basin  one  must 
keep  in  mind  that  hydrodynamic  resistance  in  an  ACV  usually  depends  very 
strongly  on  the  craft's  landing,  i.e.  on  the  angle  of  operating  trim 
difference.  However,  it  is  difficult  to  provide  similarity  in  the  landing 
of  models  and  actual-size  ACV's  for  the  following  reason.  The  angle  of 
trim  difference  of  an  ACV,  while  moving  at  a  constant  speed,  is  determined 
by  the  balance  of  the  ACV  being  subjected  to  all  the  external  forces  and 
moments  caused  by  the  draught  of  the  propelling  agent.  It  was  shown  above 
that,  in  principle,  it  is  impossible  go  provide  similarity  of  hydrodynamic 
and  aerodynamic  forces  simultaneously.  Therefore,  the  balance  of  a  full-size 
ACV  differs  from  the  balance  of  a  tow-type  model  -  the  angles  of  operating 
trim  difference  in  positions  of  balance  are  not  equal.  Additional  and  more 
considerable  error  is  brought  about  by  attempting  to  duplicate  the  influence 


of  draught  of  the  propelling  agent  on  the  ACV's  trim  difference  by  shifting 
the  center  of  gravity.. 

In  carrying  out  a  test  in  basin,  the  resistance  to  a  full-size  ACV’s 
movement,  and,  consequently,  the  draught  of  t’ue  propelling  agent  are  unknown 
beforehand.  Therefore,  aft  accurate  calculation  of  the  moments  of  draught 
on  the  screws  is  impossible.  In  practice,  they  usually  disregard  the  change 
in  the  amount  of  trimming  moments  of  draught  and  substitute  approximate 
moments  of  draught  according  to  the  average  meaning  of  the  moments,  due 
to  the  transfer  of  cargo  which  leads  to  inaccuracy  in  duplicating  the  ACV's 
landing. 

This  inaccuracy  may  be  eliminated  by  means  of  some  increases  in  volume 
for  testing  tow-type  craft.  A  method  for  calculating  an  ACV’s  resistance 
will  be  stated  below.  It  permits  the  trimming  moments  of  the  propelling 
agent's  draught  to  be  taken  into  account  and  calculation  of  the  angle  of 
operating  trim  difference  for  a  full-size  ACV.  To  calculate  this,  it  is 
necessary  to  have  the  results  from  testing  the  tow-type  model  in  3-4  positions 
for  the  center  of  gravity  along  the  length.  The  test  results  are  conveniently 
presented  in  the  form  of  the  parametric  relationship  of  non-dimensional 
coefficients  of  hydrodynamic  resistance  and  hydrodynamic  moments  (as  well  as 
the  angle  of  trim  difference)  to  the  quantity  =  x^/L,  where  x^  is  the 

distance  along  the  length  from  the  model's  center  of  gravity  to  the  center 
of  gravity  in  the  area  of  the  air  cushions.  These  graphs  are  based  on  a 
fixed  amount  of  Froude  numbers. 

To  carry  out  testing  of  the  tow- type  model  ACV  in  a  test  basin,  it  is 
necessary  to  have  the  possibility  of  a  scale  effect  combined  with  a  breach 
in  similarities  according  to  Weber's  numbers. 

Spray  formation  may  have  considerable  influence  on  resistance  to  movement. 
Ir.  natural  conditions,  the  physical  picture  of  the  interaction  of  the  stream 
of  water  on  the  hull  may  differ  greatly  from  that  of  model  conditions. 

To  observe  the  geometric  similarity  in  the  lingth  of  the  stream  during 
the  transition  from  model  to  full-size  craft,  increases  must  be  proportionate 
to  a  first  degree  scale.  The  speed  of  water  particles  in  the  stream,  during 
duplication  according  to  Froude  numbers,  is  increased  in  proportion  to  the 
square  root  of  the  linear  scale. 

But  from  Rayleigh's  work  [39]  it  is  known  that  at  high  speeds  the  length 
of  the  stream  (until-  its  destruction)  varies  inversely  in  proportion  to 
the  speed  of  the  water  particles  in  the  stream.  Consequently,  during 
transition  from  models  to  full-size  craft,  the  length  of  part  of  the  stream 
(up  to  destruction)  is  not  increased,  but  decreased. 

A  natural  stream  disintegrates  into  droplets  faster  than  the  stream 
.  of  a  model .  Therefore ,  there  may  hot  be  such  a  strong  influence,  on  the 
hull  as  is  the  case  when  carrying  out  an  experiment.  It  is  necessary  to 
consider  this  circumstance  when,  in  conducting  a  model  experiment,  it  is 
discovered  that  there  is  a  very  strong  interaction  between  the  stream  of 
spray  and  the  hull  of  the  model  ACV. 
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In  the  beginning  of  this  section,  it  was  said  that  the  rigidity  of  the 
flexible  skirts  on  an  ACV  renders  an  influence  on  the  hydrodynamic  characteristics 
of  lift  height,  resistance  to  movement,  and  stability,  ignorance  of  this 
factor  may  also  lead  to  the  appearance  of  a  scale  effect  during  duplication. 

In  the  excellent  illustration  shown  in  Figure  48,  relationships  are  set  forth 
which  characterize  the  influence  of  rigidity  of  materials  on  the  lift  height 
of  model  ACV's  with  flexible  skirts.  Although  the  structure  of  the  flexible 
skirts  was  constant,  the  lower  part  of  the  flexible  skirts  was  manufactured 
from  two  materials  with  different  thicknesses  and  possessing  a  module 
of  elasticity  during  tension.  Since  both  materials  had  only  a  single  layer 
of  material,  it  may  be  supposed  that  the  module  of  elasticity  during  tension 
was  sufficient  to  take  into  account  the  bending  of  rigid  materials  at 
increased  pressure  during  tests. 


Figure  48. 


Relationship,  of  Non-Dimensional  Lift  Heights  of  ACV's  Over  a 
Screen  to  Typical  Parameters 


-  relationship  of  lift  height  to  expenditure  of  air; 

—  -  relationship  of  lift  height  to  combined  parameters,  allowing  for 

bcth  air  expenditure  and  rigidity  of  the  flexible  skirt's  material 

In  Figure  48  we  see  that  the  quantity  of  air  expenditure  (parameter  nj2) 

does  not  define  merely  the  lift  height  of  a  model  over  a  screen.  On  the 
contrary,  the  relationship,  of  lift  height  to  the  parameter  nn>  considering 

the  rigidity  of  the  materials,  actually  has  the  same  value  for  both  materials 
in  the  flexible  skirts. 

From  investigations  of  the  static  characteristics  of  ACV's  based  on  tests 
of  model  and  actual-size  craft,  it  may  be  stated  that  a  first  approximation 
of  the  characteristics  of  static  stability  for  ACV's  depends  on  the  following 
quantities : 


in  the  rate  of  suspension  of  an  ACV  over  a  screen  or  over  water 


M 

GB„ 


r==«X'  (n;,  n*.  n1T); 


(34) 


in  the  rate  of  movement  over  water  the  calculation  is  made  according  to 
formula  (34) ,  but  with  the  addition  of  a  Froude  number: 


(35) 


All  the  basic  experimental  and  calculated  bits  of  data  for  the  work 
are  set  forth  in  the  functions  of  the  complexes  (34)  and  (35) . 

As  for  the  basic  non-dimensional  static  characteristics  of  ACV's  and 
models,  the  following  were  received: 

yh-  -  coefficient  of  stability  for  lift  height; 

<5V 

-  initial  transverse  metacentric  height  (non-dimensional) ; 

-  initial  longitudinal  metacentric  height  (non-dimensional) . 

Comparison  of  the  results  of  measurements  made  during  the  testing  of 
similar  type  ACV!s  and  models  verifies  the  lack  of  a  noticeable  scale 
effect  in  the  simulated  statics  of  Class  A  ACV's.  Any  deviations  may  be 
explained  by  some  differences  of  non-dimensional  parameters  11^,  JI^,  and  11^ 

for  ACV's  and  models,  as  well  as  by  differences  in  the  construction  and 
rigidity  of  the  flexible  skirts. 

In  planning  the  real-size  ACV's,  experiments  with  the  models  in 
choppy  sea  conditions  are  considered  essential  since  testing  of  the  models 
permits  one  to  study  their  movements  on  average  and  extremely  choppy  seas 
at  various  speeds  and  with  various  courses  relative  to  the  waves.  In 
these  tests  the  influence  of  wave  height  and  length  on  the  parameters 
of  moving  models  is  investigated,  as  well  as  the  relationship  of  the  ACV's 
seaworthy  qualities  to  the  volume  of  air  expended,  the  center  of  the  craft, 
structure,  materials  and  dimensions  of  the  flexible  skirts.  Also  checked 
during  testing  of  the  models  are  the  accuracy  of  the  design  architectural 
solutions  and  the  correlation  of  the  main  dimensions. 

The  scales  of  models  may  vary  from  1/20  to  1/2.  Not  only  .geometric 
similarity  .is  maintained  in  creating  models,  but,  similarity  of  distribution  of 
mass,  similarity  of  air  pressure  in  the  receiver  and  air  cushions,  and 
similarity  of  the  volume  of  air  expended  through  the  fans  as  well. 
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Tests  are  carried  out  in  tow-type  or  self-propelled  models.  The 
simulation  is  carried  out  with  observance  of  equality  of  Froude  numbers  : 
for  models  and  actual-size  craft.  A  difference  in  Reynold's  numbers  is 
not  particularly  significant  since  the  resistance  of  friction  from  the 
interaction  of  the  ACV's  flexible  skirts  and  the  water  is  small  in  cbmparison 
with  the  total  resistance.  Similarity  of  Weber  numbers  (characterizing 
spray  fromation)  is  not  provided  for  in  the  simulation. 

Since  three  degrees  of  freedom  are  provided  in  the  testing  of,  tow- 
-type  models,  there  is  a  possibility  of  fluctuation  along  the  vertical  , 

and  around  the  axes  0X  and  0 y.  Self-propelled  modfels  have  six  degrees 
of  freedom,  therefore  their  tests  are  given  the  most  attention. 

In  conducting  seaworthy  tests  of  large-scale,  self-propelled  models 
and  actual-size  ACV's,  specific  problems  appear  which,  in  order  to  be  solved, 
require  the  creation  of  special  measuring  devices  and  the  development  of 
particular  techniques  for  measuring.  The  first  problem'is  the  drop  in 
speed.  An  ACV's  speed  relative  to  water  and  relative  to  air,  under  actual 
conditions,-  are  different.  Since  the  aerodynamic  forces  which  act  on; an 
ACV  (including  impulse  resistance)  depend  on  speed  relative  to  air,  and 
the  hydrodynamic  forces  depend  on  speed  relative  to  water,  it  is  necessary 
to  know  the  meanings  of' these  speeds  to. determine  the!  forces.  The  measuring 
device  must  determine  the  amount  and  direction  of  the  wind  for  speeds 
relative  to  water  And  air. 

t  i 

In  seaworthy  tests,  speed  relative  to  water  is  determined  according  « 
to  the  Doppler  index,  fixing  the  speed  of  the  ACV’s  progressive  movement 
along  the  axes  0  and  0  .  The  speed  also  may  be  determined  with  tHe  aid 
of  systems  of  external  measuring:  coastal  motion-picture  theodolite  posts, 
by  leading,  by  synchronous  survey  of  the  ACV's  trajectory  of  movement, 
or  by  air-photo  survey  of  the  ACV's  shift  relative  to  a  fixed  point  on' 
the  water.  > 

» 

Considering  the  great  influence  of  an  ACV  s:  angle  of  drift  relative* 
the  water's  surface  on  the  amount  of  force  which  acts  on  the  craft ,  it  is 
necessary  to  execute  the  drop  in  the  angle  of  drift  with  great,  precision. 

It  is  generally  accepted  that,  in  sp^ed  trials,  a  driver  must  endure  an 
angle  of  drift  within  the  limits  of  -  2  7  5°.  1  ' 


r 

l  1 


-101- 


! 


1 


Chapter  I!!.  Statics  of  ACV's  .  j 

'  i  > 

1  In  this  chapter  we  will  consider  the  methods  of  approximate  determination 
of’ the  parameters  characterizing  the  ACV  balanced  in  space  (under  control),  the 
degree  pf  static  stability  of  such  a  position  under  calculated  operating 
conditions,  and  an  attempt  will  be  made  to  establish  the  critical  significance 
of  these  parameters.  ; 

i  • 

i 

It  is  assumed  that  the  ACV  has  an  absolutely  rigid  hull  and  a  flexible 
skirt  either  along  the  entire  perimeter  of  the  air  cushion  (class  A,  see 
Introduction) ,  or  along  part  of  t^he  perimeter  (c'lass  B) . 

‘  i  *  ! 

Included  in  this  calculated  instance  of  ACV  operation  are  assumptions 
of-  uniform  straightforward  movement  of  the  vehicle  .over  the  surface  of  calm, 
deep  watef  with  an  absence  of  wind. 

'  i  *  « 

§13-  Equalizing  the  Balance  of  an  ACV 

f  • 

The  calculation  of  the  parameters  determining  the1  balance  of  an  ACV  in 
space--the  lift  height  7i,  list  angle  0  and’  triyi  difference  as  well  as 
the  static  stability  ofs  this  position  -  3 h/'dG,  30/3M^st  an^  *s 

carried  out 'by  determining  the  systems  for4 equalizing' the  bklance  of  forces  ' and 
moments  acting  upon  the  ACV,  among  which  are  the  external  hydroaerodynamic 
forces  and  moments ! considered  in  Chapter  2,  as  well  as  forces  of  another 
nature  -  gravity  G  and  piopeller  draught  P.  ’  • 

In  problems  of  statics  it  is  more  convenient  to  arrange  in  the  beginning 
in  the.  ACV  a  combined  system  of  coordinates  O^xyz  on  the  fundamental  plane. 

Then  characteristic  measurements  (fox  example,  hr  )  will  eriter  into  the 

equalization  offbalapce  and  the  rise  of  the  center  of  the  mass  above  the 
'  fundamental.,  plane  (yQ) ,  in  the  obvious  fomp,  so  that  it  simplifies  the  analysis 

of  their  influences  on  the  static  characteristics  of  the 

ACV.  We  will  direct  axis  0.x  |to  the1  bow  along  the  base  line  of  ths  ACV,  axis 

*  !  *  i 
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OjY  upwards  in  the  diametrical  plane  through  the  center  of  the  mass  of  the  ACV, 
axis  0j7,  normally  towards  the  plane  xo^y  on  the  starboard  side. 

We  will  determine  the  moments  and  forces  in  the  mobile  system  of 
coordinates  °\yQz0>  where  the  horizontal  plane  Oxqz^  coincides  wit?  the 

undisturbed  surface  of  the  water,  axis  6X0  is  collinear  with  the  speed 

vector  of  the  ACV  and  axis  0yo  is  directed  vertically  and  passes  through 

the  beginning  of  the  combined  system  of  coordinates  O^xyz-,  but  axis  0zo 

is  narr.ai,  relative  to  plane- xQ0yo  and  makes  up,  with  the  remaining  axes, 

the  right  hand  system,  In  designating  the  projections  of  forces  and 
moments  the  index  "G”  will  be  emitted  in  order  to  simplify  the  writing. 

Equalization  of  balance  consists  of  equalization  of  forces  described  by 
the  balance  of  the  center  of  the  mass  and  the  equalization  of  moments  depicted 
by  the  position  of  the  ACV  relative  to  the  center  of  the  mass. 

In  conforming  to  the  conditions  set  up  in  the  problem,  these  equations 
are  written  in  the  following  form: 


—  /?,i  +  Rt 3  +  Rlt  -f-  J?tS  -f-  -f*  Rr  q-  P  -f.  G  +  dG.=  0; 


(36) 


2  A*  =  A?„  +  Mi3  +  Mti+  MtS  +  +  +  (37) 

+-M0  +  A?'»q, 


where  dft  and  M 1  represent  additional  force  and  moment. 

Using  the  expressions  arrived  at  in  Chapter  2  for  external  forces  and 
moments  acting  upon  the  ACV,  we  will  write  these  equations  in  the  form: 


2#  -  j  j  (Apn  +  eT )da  -j-  pQV  -f  J  j f/dv"+  p  j  j  + 

=  J  ji^XtAp/T+e^Ida  +  p  j  Jlrx(^d  — ^)ldf  + 

••  ‘‘  ‘  % 

+  j  j  (r  X  ~p‘)d*  +  P  J  J  (0<  Vf)  V,ftd3  +  p  J  J  (r  X  Vr)  Vrndi  + 

o  ■  •  o 

+  5  f  fx  Pr) da  +  (rp  XP)  +  (rQ  X  G)  +  M'  - 0. 

**  }  ■ 


(38) 


(39) 
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Equations  (38)  and  ,(39)  in  their  overall  form  cannot  be  solved  due  to 
the  complexity  of  dependences  involved.  Therefore,  we'll  simplify  them 
by  taking  out  the  part  most  essential  to  the  engineer's  solution  of  the 
problem. 

For  this  purpose  we  will  first  write  out  separately  the  systems  for 
equalization  of  balance  for  several  particular  instances.  Considering  that, 
for  Class  A  ACV's,  the  rate  of  hovering  over  the  water  and  over  a  screen 
are  in  a  certain  sense  limited  cases  of  a  rate  of  movement  over  water,  we 
will  try  to  determine  the  unknown  parameters  for  these  two  rates  specifically, 
and  then  we  will  find  the  dependence  of  change  of  the  .unknown  parameters  on  the 
speed  of  the  ACV.  For  a  Class  B  ACV  the  quality  of  the  initial  data  in 
determining  known  parameters  in  the  calculated  rate  will  be  considered 
significant  of  the  parameters,  found  for  the  rate  of  hovering  over  water. 

Secondly,  in  considering  the  balanced  position  ot  the  ACV,  we  will 
isolate  the  problem  of  the  balance  of  vertical  forces  and  show  that  using  the 
results  of  its  solution  will  greatly  simplify  the  solution  of  the  overall 
problem. 

Thirdly,  in  considering  hovering  rates,  rather  than  the  spacial  problem, 
we  wll  solve  the  problem  for  the  transverse  plane  (where  =  const) ,  and 
the  solution  of  the  longitudinal  plane  problem  is  analogous,  but  the  solution 
of  the  spacial  problem  where  there  are  small  angles  of  inclination  of  the  ACV 
is  arrived  at  by  combining  the  results  of  the  solutions  of  transverse  and 
longitudinal  problems.  Strictly  speaking,  such  division  is  impossible  for  a 
rate  of  movement,  but  in  this  case  it  is  possible  to  arrive  at  an  approximate 
solution  by  a  similar  method. 

In  this  way  we  will  get  the  sum  total  of  the  following  simplified 
systems  of  equalization  of  balance  for  an  ACV  with  little  significance  for 

the  moment  of  list  M'  =  M. .  .  and  G  =  G  +  dG. 

list 

Class  A  ACV 

1.  Rate  of  movement  otfer  water 


2*  =  *.)  +  ^03  +  +  Xa5  +  Xa  +  Xrl  +  Xp  —  0; 

2Jy  -  yu + y« + r* + r*  f  y* + - 0; 

2j2  -  2,,  +  Z,  3  +  za4  +  z.s  +  Z|7  4-  Zrl  +  2,0  =  0; 

S  Mx  =  Mxtl  +  Mxti  +  Mxai  +  MX37  +  Mxrl  + 


(40) 

(41) 

(42) 

(43) 
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S-Wy  =  'Wyal  4*  Myt1  +  MyiS  +  +'M.  4*  My/>  =  Ol  (44) 

2  4*,  =»  44„  I  +  MJt3  +  Mll(  +  MxsS  +  dig  iff  4*  Mzri  + 

+  MzP  4-  MzQ  «  0.  .  (4S.j  . 

2.  Rate  of  hovering  over  water  (transverse  plane  problem)  -  movement 
broadside  (drift) 


2>'  =  >'„4-V(,-Gi  = 0;  ^ 

2  2  =  2,!  +-2# j  +  2,4  -{-  2^.  4-  2, 7  4*  2rl  =  0; 

2  »  44xa,  +  Mxt{  -F  iW,t5  4-  4-  AW+: 

+  /Mj0-m,  =0.  • 


list 


(46) 

(47) 

(48) 


3.  Rate  of  hovering  over  a  screen  while  moored  (with  the  absence  of 
any  contact  of  the  screen  with  the  rigid  body  of  the  ACV) 


.  0; 

(49) 

2 s=  2J4 -f- — 2m=s0;  -  -  .  . 

(50) 

2  «,  -  «,.<  +  *,« + «u“°- 

(51) 

Class  B  ACV 

4.  Rate  of  movement  over  water 

=  A„4-  +  XMi  4-  X,s  4-  ^,7  4*  XrI  +  Xr2  4-  XP  =  0; 

2 Y  -  ^*1  +  +  Yti 4-  ^,7 4-  y a  +  Yp~Gt  =0; 

2-2  =  2„  4-  2a3  4-  2„  4-  za5  4-  Za7  +  Zr,  4-  2rt  4-  Zp  ==  0; 

^jMx  =  44xal  4-  Mxti  4"  44*  «j  +  ‘MX„  4"  44xrj  4-  4ixrt  4* 

.  +/W--Aiiirt0:  •  • 

2  5  =  4*y„  4-  Myai  4-  MyaS  4-  Mya7  +  Mytl  + 

4-  4iy  rj  4-  Myp  =0; 

2  Mz  —  41ial  4-  41, 83  4-  41, t4  4-  M,a5  4-  44, ,7  4-  41trl  4- 
4- 41^4-41^4- 4i;p  =  0.' 

5.  Rate  of  hovering  over  water  (with  drift) 

2  Y  —  4*  ^a7  4-  YtJ  —  Gt  ==  0; 

22  —  2a,  4-  2a3  4  2al  4-  2aS  -|-  ZaT  4-  2r,  =  0; 

2  41*  =  Aixil  4  44xa3  4-  4,JaaS  4-  4fxa7  4-  44xr3  4* 

■  4-  M  0  —  M  .  =  0. 

*  last 


(52) 

(53) 

(54) 

(55) 

(56) 

(57) 


(58) 

(59) 

(60) 
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In  equations  (40)  -  (60)  is  designated  (X^+Y^+Z^=R^) : 
lta2_7  -  aerodynamic  forces  (see  Chapter  2) ; 


Rr^  -  hydrodynamic  force,  caused  by  contact  of  the  flexible  skirt 
with  the  water; 

•V 

Rr0  -  hydrodynamic  force,  caused  by  contact  of  the  rigid  hull  or 
structures  with  the  water; 

-  mooring  reaction  force,  keeping  the  ACV  from  shifting 
horizontally  in  its  rate  cf  hovering  over  a  screen; 

£  -  draught  force  of  the  ACV  propeller; 


M  =  M*  =  M' 
list  x 


moment  of  list. 


Calculations  and  experiments  show  that  the  lift  height  as  well  as  the 
stability  characteristics  of  an  ACV  are  to  a  significant  degree  considered 
according  to  the  rate  of  work  of  the  lifting  system  of  the  ACV  (but  for  Class 
A,  this  rate  is  excluded,  therefore  we  will  first  consider  the  parameters 
characterizing  the  rate  of  work  of  the  ACV's  lifting  system  and  their 
interdependency. 


§1^4.  Tilt  Height  snd  the  Degree  of  Static  Stability  of  an  ACV  Relative  to 
Vertical  Shifts 


A  typical  structural  feature  of  air  cushion  vehicles  is  the  special  lifting 
system  creating  and  maintaining  under  the  hull  of  the  vehicle  an  area  of  air 
under  high  pre  sure.  Generally,  the  lifting  system  is  the  sum  total  of 
technical  means,  which  include: 

air  scoops  (air  gates) ; 

air  superchargers  (fans,  compressors,  injectors,  etc.); 

air  hoses  and  receivers 

nozzle  devices  in  the  rigid  hull  of  the  ACV; 

skirts  for  high  pressure  areas; 

means  for  controlling  the  air  currents  within  the  lifting  system. 

The  rate  of  work  of  the  lift  system  is  usually  characterized  by  the 
following  values: 

Q  -  expenditure  of  air; 

Hp  -  full  pressure  for  the  fan; 

h  -  average  lift  height  of  the  rigid  hull  of  the  ACV  over  a  base  surface. 
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Depending  on  the  case  under  consideration,  usages  indicate  the  lift 
height  in  the  following  manner: 

h3  -  lift  height  of  ACV  in  a  hovering  rate,  oyer  a  screen;  1 

h^  -  lift  height  of  ACV  in  a  hovering  rate,  over  water; 

hy  -  lift  height  of  ACV  in  a  rate  of  movement,  with  velocity  V,  over  water 

The  values  Q,  H^,  h3>  ^  may  be  designated  as.  the  lift  characteristics 

of  an  ACV.  The  lift  characteristics  depend  on  the  characteristics  of  all  elements 
of  the  lift  system,  but  the  deciding  influence  on  them  are  the  characteristics 
of  the- air  superchargers  and  the  air  cushion  skirts. 

During  research  and  development  these  characteristics  usually  turn  up  in 
the.  form  of  the  following  non-dimensional  values: 

relative  expenditure  of  air; 


pressure  coefficient  (relation  of  pressure  in  receiver 
Pp  to  average  pressure  p^  =  GIS^) ; 

relative  lift  height  in  the  ACV's  hovering  rate,  over 
a  screen. 

In  designing  the  fan  (supercharger)  for  an  ACV  the  basic  calculated  rate 
must  be  set  up  first  of  all,  i.e.,  air  expenditure  and  the  fall  of  pressure 
are  determined,  both  of  which  must.be  provided  for  by  the  fan.  The  selection 
of  air  expenditure  and  the  form  of  expended  pressure  are  characterics  of  the 
fan  and  locations  of  "working  points"  on  it  are  basically  determined  by  the 
requirements  for  seaworthiness.  The  dependence  for  seaworthy  qualities  of  an 
ACV  on  the  expenditure  of  air  will  be  examined  in  Chapter  4. 

In  determining  the  calculated  fall  of  pressure,  the  starting  point. is  the 

value  of  the  average  static  excess  air  pressure  in  the  air  cushion,  determined 

by  the  weight  of  the  ACV  and  the  area  of  the  air  cushion  S  .  —  . G 

t  n*  mrn—  c  • 

In  the  early  stages  of  development  of  the  ACV,  when  it  was  a  popularized 
nozzle-type  vehicle  without  a  flexible  air  cushion  skirt,_the  lift  characteristics 
had  the  following  tentative  meanings:  0.05<Q<0.08;  1.5<p<2.5;  0.005<h3<0.010. 

With  the  development  of  flexible  skirts,  the  operational  qualities  of  the 
ACV  were  sharply  improved  and  their  lift  characteristics  at  present  are  within 
the  limits:  0.015<Q<0.03;  1.25<p<l.S;  0.1<hg<0.2  (class  A).  Class  B  air 
cushion  vehicles  with  immersible  siue  barriers  (walls^  shells,  hulls)  have 
the  following  lift  characteristics:  0>-0015<Q<0.015;  (due  to  the  absence  of 
a  receiver) . 
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Improvement  of  the  seaworthiness  of  the  class  A_ACV  evidently  is  leading 
to  some  increase  in  the  relative  expenditure  of  air  Q<0.030,  but  the  quantitative 
limit  of  Q  has  not  been  set  at  this  time. 


The  structural  form  of  air  superchargers  does  not  influence  the  hydro- 
aerodynamic  qualities  of  an  ACV,  since  the  lift  characteristics  depend  solely 
on  the  expended  pressure  characteristics  of  the  air  supercharger  H  (Q) . 
However,  in  designing,  a  reasonable  selection  of  structural  elements  for  the 
fan  plays  a  substantial  role.  In  the  first  place,  this  concerns  the  selection 
of  the  diameter  and  the  number  of  revolutions  of  the  fan.  As  a  result  of  the 
general  location  and  the  provision  for  weight  characte  'istics ,  it  is  expedient 
to  decrease  the  diameter  of  the  fan  and  increase  the  number  of  rotations, 
but  doing  this  causes  an  increase  in  the  portion  cf  dynamic  pressure  and  a 
decrease  in  the  static  efficiency. 


In  those  instances  where  the  general  arrangement  of  the  air  gates  in 
an  ACV  entails  altering  the  air  stream  90°,  it  is  expedient  to  use  a  centrifugal 
fan,  in  which  such  alteration  is  accomplished  by  means  of  the  aerodynamic 
set-up  and,  consequently,  succeeds  in  avoiding  complications  in  hull  design. 
Recently,  effective  designs  of  centrifugal  fans  have  been  worked  out  for  ACV's, 
[71]  permitting  the  achievement  of  static  efficiency  n  »  0.7-0. 8  and  total 

efficiency  7=0.9.  The  non-dimensional  expended  pressure  characteristics  of 
such  a  fan  are  set  forth  in  Figure  49. 


The  expended  pressure  characteristic  H  (Q)  determines  the  change  of  the 
parameters  of  the  air  stream,  depending  on  the  given  conditions,  for  example, 
the  weight  of  the  ACV.  The  location  of  it's  working  points  must  satisify 
definite  conditions.  The  following  must  be  assured: 


conformity  of  meaning  for  H 
of  7  (Q)  (Figure  50) ;  ^ 


and  Q  according  to  the  maximum  relationship 


sufficient  margin  for  and  Q,  where  =  const,  which  permits  preservation 

of  the  designed  characteristics  of  the  lift  systems  in  the  greatest  possible 
range  of  external  conditions; 


provides  the  necessary  degree  of  stability  for  the  ACV. 

The  first  and  second  conditions  are  determined  by  the  requirement  for 
maximum  efficiency  of  the  lift  systems  and  stability  for  the  ACV  relative  to 
vertical  shift. 


The  third  condition  is  determined  by  the  requirement  for  the  form  of  the 
fan's  characteristics  which,  as  far  as  possible,  must  not  have  an  area  cf 
3H/3Q>3pp/3Q>0. 

The  overflow  of  pressure  in  the  fan  must  exceed  the  static  pressure  in 
the  cushion  by  the  amount  of  pressure  lost  in  the  ACV's  internal  air  conductors. 


%,7r r 

4* 


OA 


V 


0  0,1  0,2  -  0 

Figure  *»9-  Expended-Pressure  Characteristics  of  the  Centrifugal  Fan  Mounted 
on  the  CC-2  ACV  [71] 

TT  IT  . 

’  c+  -  coefficients  of  pressure  (full  and  static).;  <5>0  -  coefficient  of 
expenditure;  n,  nCT  -  efficiency  of  the  fan  (full  and  static) 

- 0 -  Type  El  fan; 

- + -  Type  G1  fan 

A  graph  is  set  forth  in  Figure  51  which  gives  a  qualitative  illustration  of 
the  distribution  of  the  total  -pressure  during  the  movement  of  air  inside  the 
ACV's  hull.  According  to  the  graph,  the  overflow  of  the  total  pressure  is 
equal  to 

H  =  p„  +  Ap!  -1-  A  Pi  +  Ap3  +  Ap«.  ^ 

where  EAp^  there  are  the  following  losses  of  pressure: 

Apj  -  at  the  entrance  to  the  fan's  shaft; 

Ap£  -  during  expansion  of  the  air  in  the  fan's  diffusor; 

Apg  -  during  expansion  of  air  in  the  receiver; 

Ap^  -  in  passing  from  the  receiver  to  the  air  cushion. 

Losses  for  Ap.  depend  on  the  structure  of  the  air  gates  and  the  ratio  of 
the  ACV's  speed  touie  air  speed  in  the  fan's  shaft  (influence  of  these  factors 
is  illustrateu  in  Figure  102). 
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Losses  in  the  diffusor  are  determined  by  the  ratio  of  static  to  dynamic 
makeup  of  the  total  .pressure  and  by  the  ratio  of  the  area  of  the  shaft's 
section  at  the  entrance  to  the  diffusor  to  its  exit-way.  A  continuous  movement 
of  air  in  the  diffusor  which  would  create  a  minimum  loss  of  pressure  may  be 
provided  only  by  a  fixed  ratio  of  the  size  of  the  area  of  'the  diffusor  section 
at  the  entrance-way  to.  the  exit-way.  The  purpose  of  the  diffusor  is  the 
transformation  of  the  dynamic  makeup  of  pressure  to  static  with  the  aim  of 
decreasing  the  speed  and  loss  of  pressure  with  air  passing  from  the  shaft  to 
the  receiver.  In  an  ideal  variant  there  would  be  total  transformation  of 
dynamic  pressure  to  static,  i.e.  an  inhibition  of  air  flow  at  the  entrance-way 
to  the  receiver  of  almost  zero.  However,  the  analysis  of  numerous  investigations, 
devoted  to  the  problems  of  air  inhibition,  leads  us  to  the  conclusion  that 
even  in  a  uni-dimensional  flow,  reduction  of  speed  without  removal  of  the 
surrounding  layer  is  possible  for  only  up  to  60%  of  the  initial  amount.  In 
such  a  case,  the  large  degree  of  success  in  braking  the  flow  (up  to  40%  of 
the  initial  spedd)  is  due  to  the  surrounding  layer  being  very  thin  during  initial 
movement.  Thus,  when  deceleration  of  the  flow  is  added  to  its  turning,  the 
effectiveness  of  the  diffusor  is  even  less  since  the  turning  of  the  flow 
leads  to  an  increase  in  the  ground  speed  of  the  flow.  Experimental  research 
of  radial  and  combined  diffusors  Dp^  in  the  length  showed  that  the 

loss  factor  of  pressure  is  between  0.6  and  018  on  the  average,  in  some  cases 
reaching  1.0  to  1.26  [9].  In  [16],  a  method  was  set  forth  to  calculate  the 
loss  in  a  curvilinear  diffusor  with,  detached  flow. 


Figure  50.  Diagram  of  the  Selection  of  Calculated  Parameters  for  the  Fan 

A  -  operating  point  (fica]c, .Hcalc) ; 

BC  -  operating  section 

Pressure  losses  from  air  movement  in  the  receiver  are  determined  by  the 
speed  of  movement,  i.e.  by  the  area  of  a  cross-section  or  size  of  the  receiver 
and  blockage  of  the  section  by  various  parts  of  the  hull's  structure,  which 
sets  up  resistance  to  air  movement.  For  this  reason,  the  size  of  the  receiver 
is  determined  in  consideration  of  the  general  design’.-. 

Special  consideration  is  usually  given  to  the  choice  of  the  amount  of 
overflow  of  pressure  between  the  receiver  and  the  air  cushion.  To  decrease 
power  expenditure  during  lift,  it  is  logical  to  try  to  decrease  this  overflow. 
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However,  a  number  of  other  reasons  hinder  maintaining  such  an  overflow  within 
certain  limits,  namely:. 

overflow  of  pressure  between  the  receiver  and 'the  cushion  must  pnovidejtjie 
necessary  stability  for  a  Class  A  ACV,  which  is  achieved  either  by  sectioning 
the  cushion  with  aii*  streams  sufficiently  high  in  kinetic  energy  or  ty  an  increase 
in  pressure  to  the  sections  (with  chamber-type  air  flow) ,  where  expenditure 
is  decreased; 

high  enough  overflow  of  pressure  between  the  receiver  and  the  cushion 
facilitates  an  even  distribution  of  air  to  various  sections  of  the  air  cushion 
and  pneumatic  elements  of  the  flexible  skirt; 

increase  of  overflow  of  pressure,  i.e.  provision  of  considerable  hydraulic 
resistance  between  the  receiver  and  the  cushion,  necessary  to  dampen  the  fluc^ 
tuation  of  pressure  in  the  receiver  during  considerable  changes  of  pressure  in 
the  cushion  while  moving  in  choppy  sea  conditions.  This  is  necessary  to  protect 
the  engine  from  overload  and  allows  the  fan  to  work  with  more  stability.  • 
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Figure  51.  Diagram  of  the  Distribution  of  Surplus  assure  Along  the  ACV's 
Internal  Air  Ducts. 

I  -  I  in  meeting  the  air  flow;  II  -  II  in  front  of  the  fan;  III  -  III  leaving 
the  fan;  IV  -  IV  leaving  the  diffusdr;  V  -  V  in  the  receiver;  VI  -  VI  in  the 
air  cushion;  VII  -  VII  in  meeting  the  stream  flowing  from  the  area  of  surplus 
pressure. 

-  -  -  -  without  any  loss  (ideal) 

- full  pressure 

--  •  --  static  pressure 

After  determining  the  basic  calculated  parameters  of  the  fan  (overflow  of 
pressure  and  amount  of  expenditure  Q) ,  the  problem  arises  as  to  choice  of 

structural  elements  of  the  air-supercharger,  i.e.  its  diameter,  number  of  RPM's, 
and  structural  type  (centrifugal,  axial,  etc.). 
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The  normal  operating  rate  of  the  air-supercharger  represents  a  constant 
number  of  RPM's  of  the  drive  wheel  (rotor),  therefore,  the  relationship 
between  air  expenditure  and  pressure  for  the  fan  will  be  regarded  later  on, 
under  expended-pressure  characteristics,  as  the  constant  number  of  RPM's  of 
the  fan's  drive-wheel. 

In  addition  to  the  fan's  characteristic,  the  ACV's  lift  characteristic 
considerably  influences  the  expended-pressure  characteristics  for  skirting  the 
air  cushion  (including  sectioned  skirts). 

There  are  many  known  types  of  air  cushion  skirts.  One  might  consider  the 
following  pian  for  classifying  the  basic  types  of  skirts,  based  on  various 
aerodynamic  parameters  of  air  flow  (Figure  52) . 

Skirts,  for  Which  Air  Flow  is  Provided  for  From  an  Area  of  increased  Pressure 
(During  Suspension  of  the  ACV) ,  Figure  52  I 

1)  Air-stream  skirts  (Figure  52a):  peripheral  jets  of  various 
configurations  -  1;  recirculation  systems  of  various  types  -  2. 

2)  Hydro-jet  skirts  (and  combined,  Figure  52b):  hydro-jet  curtain  -  3; 
combination  hydro  and  air-jets  -  4;  combination  water  curtain  and  flexible 
panels  -  5. 

3)  Mechanical  skirts  (Figure  52c) : 

« 

rigid,  fixed  curtains  (panels,  side  walls,  shells,  etc.)  with  a  chamber- 
type  setup  for  air  flow  -  6; 

</ 

rigid  rotary  flaps,  a  jointed  curtain  of  rigid  elements,  etc.  -  7; 

rigid  skirts  with  nozzles  of  various  configurations  -  8; 

flexible,  massive  and  vertically-arranged  skirts  (panels,  pneumatic  fingers 
with  no  air  flow,  pneumatic  keels,  etc.)  -  9; 

flexible,  diagonally-arranged  skirts  (open  and  closed  types)  -  10; 

and  flexible  nozzles  (massive  and  diagonally-arranged)  -  11. 
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Figure  52.  Classification  of  Skirts  for  Air  Cushions 


Skirts  Which  Do  Not  Permit  Air  Flow  From  an'Area  of  Increased  Pressure  (During 
Suspension  of  the  ACV) ,  Figure  52  II 

TJi  .Rigid  structures  (side  barriers:  walls,  hull,  shells,  working  in 
continuous  contact  with  water,  etc.)  -  12. 

2)  Flexible  structures  (massivd  panels;  pneumatic  closed,  massive  and 
diagonally-arranged  structures,  submerged  in  the  water)  -  13. 

To  a  great  degree,  the  above , classifications  reflect  the  variety  of  type 
of  skirts  for  air  cushions.  Besides  this,  it  is  necessary  to  take  into  account 
that,  first  of  all,  the  skirt  is  usually  a  combination  of  various  elements 
along  the  perimeter  of  the  area  of  increased  pressure  and  various  designs  are 
used  to  separate  the  air  cushions  into  sections.  Secondly,  in  operating 
conditions, _  one  of  these  elements  may  switch  from  one  classification  category 
to  another  depending  on  the  angle  of  the  ACV's  incline  or  the  interaction  of 
the  skirts  with  the  agitated  surface  of  the  water,  etc.  Thus,  it  is  obvious 
that  the  problem  of  determining  the  expended-pressure  characteristics  of  skirts 
for  air  cushions  is  complex  and  many-sided. 

To  simplify  matters,  only  two  variants  will  be  examined  in  tne  aerodynamic 
arrangement  o^  skirts:  air-stream  (nozzle)  and  chamber-type,  considering  that 
all  the  remaining  types  are  in  between  these  two. 
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In  any  type  of  skirt,  approximation  of  its  lower  edge  to  the  base  surface 
(with  no  incline  of  the  ACV)  induces  an  increase  of  hydraulic  resistance  with 
air  flowing  into  the  atmosphere.  This  feature  explains  the  increase  in  lift 
forces  with  increase  of  the  ACV's  weight,  and  ensures  its  stability  with 
respect  to  vertical  shift. 

The  forms  which  the  expended-pressure  characteristics  of  the  air- 
cushion  skirts  take  depend  both  on  the  aerodynamic  arrangement  of  air  flow 
and  deformation  of  the  base  surface,  over  which  the  ACV  is  suspended.  The 
standard  base  surfaces  are  an  absolutely  rigid  screen  arid  the  surface  of 
calm,  deep  water. 

We  note  that  the  basic  expended-pressure  characteristics  of  skirts: 


the  coefficient  of  pressure 


(62) 


and  the  coefficient  of  expenditure 


9  = 


/c  V  2p  p  P  ‘ 


(63) 


(fc  equals  the  area  of  the  ducted  section  of  the  nozzle)  depend  on  the  height 

of  suspension  of  the  nozzle's  cut-off  (or  edge  cf  the  chamber)  over  the  base 
surface  and  the  kind  of  base  surface  involved. 


1.  Air-stream  Curtain  Above  a  Screen 


Using  theoretical  models  with  air-stream  curtains  (2-dimensional) ,  flowing 
onto  the  screen  from  nozzles  with  parallel  walls,  and  considering  that  the  air 
is  combined  with  ideal  incompressible  fluid,  we  are  able  to  discover  the 
distribution  of  speed  in  the  stream  in  relation  to  the  given  parameters:  the 
width  of  the  nozzle  b,  the  distance  of  cne  nozzle's  cut-off  from  the  screen 
h  > ,  and  the  nozzle's  angle  of  incline. 

*oG 

This  problem  was  completely  solved  by  Strand  and  Stenton-Jones  (exponen¬ 
tial  theory  [108]).  The  border  conditions  were  formulated  by  the  following 
means.  Pressure  on  the  inside  and  the  outside  of  areas  in  relation  to  the 
stream  began  accordingly:  pn  along  CD  and  pQ  =  0  along  BAq  (Figure  S3).  Along 

BC,  the  vector  speed  is  co-linear  with  axis  Cy.  Then  the  potential  speed 
(J>o  along  BC  is  constant  and  may  be  assumed  as  equal  to  zero.  The  angle  0 

-*■  c 

is  determined  by  the  direction  of  the  vector  speed  V  in  a  polar  system  coordinate, 
along  BC  equals  zero,  and  along  DA^  —  (*r  +  <J>c) .  Assuming  that  the  function 

of  current  ip  -  a  along  BA,  one  may  assume  that  VQbo  =  a,  where  bQ  equals  the 

thickness  of  the  stream  to  infinity  and  VQ  equals  the  constant  of  speed  along 

BAq,  determined  from  Bernoille's  equations. 

Thus  formulated,  the  border  conditions  permit  us  to  find  the  function 
of  the  current  and  the  potential  speed  by  means  of  the  following  consecutive 


I 


transformations  which  were  accomplished  accordingly.  The  plane  of  the  complex 
variable  w  =  4>0  +  (Figure  54)  is  transferred  to  the  first  quadrant' of  the. 

plane  §  by  means  of  Shwartz— Kristoffel  transformation:  i  1 


(64) 


Then  a  rectangle  containing  the  field  of  flow  and  :its  smooth  reflection  in  the 

plane  of  the  hodograph  0  =  In  (Vo/V  +  i0  ),  as  well  as  being  reflected  in  the 

c  c 

first  quadrant  of  the  plane  §  according  to  the  following  .formula  of  Shwartz- 
Kristoffel  is:  -  ---  ; 

i 


Qt=M[-7=JL=  + 
0  . 


(65) 


where  M,  N  and  k  equal  constant,  fixed  outcomes  of  the  conditions  of  'trans¬ 
formation.  , 

By  excluding  5  from  equations  (64)  and  (65) one  may  assume 


<?c  = 


T+?c  i  di 


(66) 


Kl 


where  K'  equals  the  elliptical  integral  of  the  first  -kind,  appearing  in  the 
court; '•  of  determining  the  constants. 


Figure  53.  Diagram  of  the.  Plane  of  the  Stream's  Flow 
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i  The  last  expression  completely  characterises  the  air  flow  in  the  stream 
and  allows  one  to  find  out  -the  ground  spaed  according  to  the  potential  speed 
and"  function  of  the  current.  As  a  result,  the  answer  is  determined  by  the 
amount  of  the  coefficient, of  pressure  and  expenditure,  as  well  as  some  other 
amounts.  To.  get  the  answer,  there  are  no  restrictions  in  the  correlation 
between  the  width  of  the  nozzle,  the  height  of  suspension,  and  the  dimensions 
i  of  the  bottom  of  the  ACV.  It  was  shown  tljat  the  answer  may  be  used  to 
observe  the  flow  created  by  an  axisyrfimetric  nozzle  system  in  a  circular" 
arrangement.  1  i  :  3 

1  • 

As  a  result,  the  following  relationships  for  the  coefficient  of  pressure 
and  expenditure  were  obtained:; 


. where 


_  !  ^Cr 


-  V-r 


'*•=  -yH(l  +  sinycj; 

“K 


‘  (67) 


.  (  C  equals  1  the  coefficient  received  in  accordance  with  the  exponential  theory, 
equal  to  two.  ' !  '  ,  , 

i  Experimental • data  [74]  shows  that,  "in  actual  cases,  fnore  accurate  results 
are  received,  when- C  =  1.67,  . 

An  almost  accurate  answer  was  giv^en  by  Professor  G.  Yu,  Stepanov  [43],  who 
.receiVed  the  following  correlation  between  the  average  speed  !in  the  jet  Vaver 

and  the  stream  bordering  a  section  of  the  jot. 

'Vcp  =  Vv^V^.  .  (70) 

>  , 

’As  a  result,  the  following  equation  was  rece^ve^: 

I  .  1  I 

.. l)  +  [  l]sin?r  '  (71) 

Some  other  approaches,  used  by  M.  A.  Grechin  for  determining  the  correlation 
between  b/h  and  p  (where  b/h' v  <  1)  and  discovering  the  coefficient  of 

3C  3  3kl 

!  expenditure  qg,  permitted  the  following  formulae  to  be  obtained  [15]: 


_  ?.  -  (-r + sin  *)  ff1 1 + sln  tifi-itr 


■  +  s!n  <{c 


— £■  — '  I  ^  +  S!n?c 

1  +siu?c  'n‘  hjc  )  " 


l 


From  L.  F.  Kalitievski's  work  on  "thin"  streams  (where  b/h3c  <1),  the  following 
expression  was  obtained  [22] : 


i 

•2-±-(l  +  sIn?i)-| 

f  * 

U*e 

j*COS*fc* 

(73) 


© 


p-a 


<J>  4 


© 


r- 
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Figure  5*».  Diagram  of  the*. 
Conforming  Transformation. 


In  Figure  55,  a  comparison  is  set  forth 
of  the  results,  calculated  according  to  formulae 


(67)  -  (73)  for  <j>c  =  45° 


between  its  own  and 


the  experimental  data  obtained  by  V.  I. 
Khanzhonkov  [53] .  It  is  obvious  from  the  grapns 
that  the  results  closest  to  that  of  the 
experimental  data. is  the  calculations  of  p„ 


according  to  formula  (67)  with  C 
of  q3  according  to  formula  (68) . 


■  3 

1.67  and 


Tests  showed  that  the  length  of  the  nozzle 
lc  (Figure  53)  must  be  about  2  <  l£/b  <2.5. 

With  a  shorter  nozzle,  the  stream  does  not 
develop,  and  a  longer  nozzle  causes  great  losses 
of  pressure  due  to  the  development  of  a  border 
layer. 

Thus  are  the  expended-pressure  character¬ 
istics  determined  for  an  air-stream  curtain, 
and  the  same  geometry  applies  to  a  nozzle-type 
device,  including  the  height  of  the  nozzle's 
cut-off  above  the  screen  along  all  perimeters 
of  the  air  cushion,  assuming  that  the  pressure 
found  is  the  average  excess  pressure  in  the  air 
cushion.  The  possibility  is  minimal  that  there 


will  be  dissimilar  geometry  in  the  nozzle  or  the  distance  of  its  cut-off  from 
the  screen  (along  the  perimeter)  of  pressure.  For  example,  with  an  inclined 
position  over  a  screen,  the  nozzle  device  is  constant  along  the  perimeter  of 
the  configuration  and  the  pressure  is  determined  by  the  element  of  the  stream, 
flowing  from  the  nozzle  to  the  most  remote  point  from  the  screen  (with  x  =  x 


mm 


) 


Thus,  using  the  hypothesis  of  the  plane  of  the  section  (i.e.  the  cross-current 
of  air  from  section  to  section  is  not  considered) ,  it  is  possible  to  determine 
the  total  air  expenditure  as  the  total  elementary  expenditure  according  to 
the  geometry  of  the  separate  parts  of  the  curtain 


(74) 
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where  equals  the  curvilinear  coordinate  of  that  part  of  the  air  cushion’s 
contour  which  has  been  noted. 


Figure  55.  Expended-Pressure  Characteristics  of  the  Air  Stream  in  the  ACV's 
Skirts  in  Suspension  Above  the  Screen 

-  Central  Institute  of  Aerohydrodynamics  Experiment 

Calculations 


—  -  -  -  by  formulae  (67)  and  (68)  where  C  =  2; 

—  •  — by  formula  (67)  where  C  **  1.67; 

—  ••  — by  formula  (71); 

—  ...  — by  formulae  (72)  and  (73) 

A  more  exact  approach  is  possible,  in  which  the  redistribution  of  expenditure 
along  the  separate  part  of  the  air  cushion’s  contour  (due  to  division  of  the 
stream)  is  taken  into  account,  but  for  practical  purposes  it  is  sufficic.it  to 
use  the  method  set  forth  above, 

2.  Chamber  Variant  of  Air  |low  Above  a  Screen 

In  the  chamber  variant  of  air  flow  from  the  under-dome  area,  under  the 
action  of  pressure  pn,  expenditure  is  also  determined  by  using  the  hypothesis 

of  the  plane  of  the  section 

(75) 
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where  x(A^)  equals  the  local  coefficient  of  the  narrowing  of  the  stream  and 

(Ar)  equals  the  clearance  between  the  skirt  ana  the  screen  in  the 
section  noted. 

The  coefficient  of  the  narrowing  of  the  stream  is  determined  by  the 
geometry  for  the  edge  of  the  air  cushion's  skirt. 

For  rounded  edges  x(A^)  =  1  is  usually  adopted,  and  for  sharp  edges  it 
i‘$  possible  to  use  the  expression  (Figure  56) 

x  (A*) «  0,50  0,05  ..  (76) 


'which  shows  tl.  >  connection  between  the  coefficient  of  the  narrowing  and  the 
angle  of  incline  of  the  edge  toward  the  screen,  where  0  <  4>c  < 

3.  Jet  Variant  of  Air  Flow  Over  Water 

Let  us  examine  the  ihleakage  for  a  flat  air-stream  curtain,  of  a  single 

width,  on  the  water's  surface  (Figure  57).  We  will  consider  both  fluids  as 

ideal,  incompressible,  and  the  stream  as  not  mixing  with  the  surroundings. 

We  will  suppose  that  the  innermost  border  of  the  curtain,  at  the  point  of 

contact  with  the  surface  of  the  depression,  has  a  horizontal  direction  of 

connecting.  .For  simplification  of  analysis,  we  will  compute  the  radius  of 

the  internal  border  of  the  stream  as  R  =  const.  Then,  designating  the  angle 

c 

of  takeoff  fu.  the  stream  as  <J>B,  from  a  geometric  standpoint  we  get 
h *  =  A.c  +  4“  “  +  s?n  fe)  —  Mn<pc» 

.  T*n 


where 


n,  _  /i*  +  b  sin  ye  ■ ' 
Kc  1  4-  sin  fc  *  .  : 


(77) 


In  accordance  with  the  data  set  forth  by  V.  V.  Klichko  [23] ,  one  may 
consider  that  the  expended-pressure  characteristics  of  the  air-stream  curtain 
are  as  uniform  over  water  as  they  are  over  a  screen,  but  it  is  necessary  to 
take  into  account  the  deformation  of  the  base  surface  which  is  expressed  in 
the  case  given  by  the  additional  reason  G/yS^.  Then  the  coefficient  of  pressure 

'Will  equal 


(78) 


and  the  coefficient  of  expenditure  is 


(79) 
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Figure  56-  Relationship  of  the  Coefficient  of  the  Narrow  Stream  During  Flow 
From  a  Chamber  Over  a  Screen 


By  designating  the  distance  from  the  outside  edge  of  the  jet's  cutoff  to 
the  internal  border  of  the  stream  during  takeoff  from  the  water  as  h*  ,  we 

D 

get  the  expression  for  the  index  x* 

■«*  = sin  (?c +  ?»)!•  (80) 

The  amount  h*g  is  equal  to 


—  ftsinfo-f  ?e)‘ 


(81) 


Substituting  R£  according  to  formula  (77)  in  the  expression  (81)  and  then  in 
(80) ,  we  get 


x* 


h*  .  . 

— -  +  sln?c 
o 

1  +sin?c 


sin  (?c  4-  ?B) 

1  +  sin  (?c  +  ?») 


(82) 


The  amount  <j>B  may  also  be  found  as  the  result  of  the  geometric  calculation 

0 

fSn  __  j _ (1  4-  sin  ye)  Q 


/?= 


cos?,  =  ■ 


+  sin  ?cj'6T5n 


(83) 


The  approximate  expressions  received  may  be  used  for  numerical  calculation  with 
b/h*  <  1.  Besides  this,  their  structure  permits  one  to  establish  the  inter¬ 
dependency  for  determining  the  parameters. 


It  is  obvious  from  expressions  (82)  and  (83)  that  deformation  of  the  base 
surface  is  calculated  by  the  factor  G/b^S^,  consequently  the  coefficient  of 

pressure  and  the  coefficient  of  expenditure  q^,  in  the  case  of  the  ACV 

suspended  over  water,  depend  on  two  parameters:  b/h*  (or  the  equivalent  • 
parameter  of  b/hgc)  and  (,/b  Sff.  An  example  of  the  relationship  of  <J>c  =  45°, 
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according  to  the  calculations  of  V.  V.  Klichko,  is  set  forth  in  Figure  58. 


Figure  57.  Diagram  of  Snleakage  of  the  Air  Stream  on  Surface  Waters. 


■■1 


ess 


Figure  58.  Expended-Pressure  Characteristics  of  the  Air  Stream  Surroundinq 
an  ACV  During  Suspension  Over  Water  (Estimated) 

k.  Chamber  Variant  of  Air  Flow  Over  Water 

.  plane  problem  concerning  air  flow  from  a  chamber  over  water  w.as  dealt 

with  by  Jones  [69] .  It  was  shown  in  his  work  that  the  lift  characteristics  of 
a  chamber-type  ACV  are  functions  of  non-dimensional  parameters 

T»  —  PnVev  _ Pn  ■ 

87Q  Z%rfHhtK  +  Ul)’  ’ 

the  designations  are  shown  in  Figure  59. 

To  determine  the  coefficient  of  a  narrow  stream  over  water  (xB) ,  Jones  took 
into  account  that 


1 8 ■ 


This  assumption  was  not  taken  into  account  by  all  experimenters  but,  apparently, 
it  may  be  used  for  engineering  calculations. 

The  amount  Ah  is  calculated  according  to  the  formula 


Calculations  showed  that  when  T >  0.2,  the  amount 


(85) 


0.6  t  0.7.  All 


amounts  of  interest  to  us  may  be  determined  in  this  way. 


The  relationships  given  make  it  possible  to  calculate  the  ACV’s  lift 
characteristics  for  a  given  weight  and  size. 

Experimental  research  into  the  distribution  of  pressure  along  the  area 
of  the  air  cushion  provides  a  basis  for  calculating  the  amount  pn  (x,  z)  for 

even  distribution.  Sharp' changes  in  pressure  are  only  observed  along  the 
border  of  the  air  cushion  and-  in  the  area  where  the  air  is  fed  in.  With 
sectioning  of  the  area  of  increased  pressure  to  provide  stability  for  the  A.^V, 
overflows  of  pressure  occur  in  the  border  sections  and  is  not. distributed 
evenly  pn  (x,  z) ,  but  inside  each  section  the  pressure  is  distributed  evenly. 

in  Figure  60  the  results  are  set  forth  of  the  measurements  made  during 
research  into  distribution  of  pressure  along  the  area  of  a  sectioned  air  cushion. 
The  sketch  of  a  "model  (see  Figure  71  below)  shows  an  air  cushion  consisting  of 
three  sections  (flexible  chamber-type).  In  the  side  sections  (number  1  and  7,) 
air  was  drawn  from  the  receiver  and  the  middle  section  received  air  from  the 
sides.  The  graph  shows  that  the  amount 

ApS n  _  10.5  (Pi  -f  Pt)—Pi]Sa 
0  0 

characterizing  a  degree  of  unevenness  of  distribution  of  pressure  along  the 
area  of  the  cushion,  is  decreased  first  of  all  by  the  increase  in  the  relative 


and  secondly  due  to  the  suspension  of  the  model  over  water.  This  amount  is 
decreased  in  comparison  with  its  meaning  above  a  screen,  due  to  the  deformation 
of  the  base  surface. 

The  calculated  meaning  of  the  average  pressure  in  the  air  cushion,  in 
each  specific  case,  is  selected  according  to  the  design  calculations,  the 
general  disposition  of  the  craft  and  other  requirements,  but  it  is  possible 
to  point  out  general  relationships  which  facilitate  the  selection  of  this 
amount  to  the  first  approximation. 
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Figure  59-  Diagram  of  Air  Flow  From  a  Chamber  During  Suspension  of  an  ACV 
Above  Water 

The  well-known  English  designer  of  high-speed  craft,  P.  Du  Cane  [63], 
proposed  the  following  method  for  determining  the  designed  meaning  pr).for 

passenger-type  ACV's,  in  which  the  amount  of  pressure  is  calculated  as  the 
sum  of  the  individual  parts  of  pressure: 

pn  "  ppass  *  phull  +  pmech  +  pfyel  +  peqpt,  (86) 

where  p  ,  -  that  part  of  the  pressure  necessary  for  lifting  the  passengers 
pass  (or  any  payload) ; 

PhuU  -  that  part  -of  the  pressure  necessary  for  lifting  the  ACV's  hull; 

n  .  -  that  part  of  the  pressure  necessary  for  lifting  the  ACV's 

raec  mechanical  gear; 

pfuel  "  t*iat  P&rt  pressure  necessary  for  lifting  the  fuel; 

p  -  that  part  of  the  pressure  necessary  for  lifting  the  equipment, 

e<*p  systems,  etc. 

These  components  may  be  determined  thusly.  Let  us  suppose  that  the  ‘weight  of 
a  passenger  with  his  baggage  is  100  kilograms,  for  example,  and  that  he  takes 
2 

up  0.5  meters  of  space,  we  get  (with  regard  to  the  area  of  the  passenger's 
accomodation)  Sn  equal  to  Kn, 

ppass  =  £T§  Kn  =  200Kn  kilograms  (of  force)  per  meter2.  (87) 

It  is  possible  to  get  the  amount  p^u^  by  using  the  statistical  data  for  the 
weight  of  the  hull  structure  equal  to,  for  example,  100  kilograms  (of  force)  per 


Figure  60;  Relationship  of  the  Degree  of  Unevenness  of  Distribution  of 
Pressure  Along  the  Air  Cushion  to  the  ACV's  Relative  Weight  and  the  Nature 
of  the  Base  Surface 


It  is  suggested  that  the  pressure  p^^,  necessary  for  lift  by  the 
ACV's  mechanical  equipment,  be  written  in  the  form 

P»ech  *  4  V-  C89) 


where  equals  the  weight  of  the  mechanical  equipment  and  the  ACV's  trans 
mission,  using  1  h.p.  of  power. 


As  a  component  of  the  pressure  in  lift,  the  fuel  is  expressed  similarly: 

Pfuel=C2  PnR’>  ^90) 

where  C2  equals  the  specific  fuel  expenditure,  in  kilograms  (of  force)  per 
h.pi  hour  and  R'  equals  the  distance  of  the  ACV's  voyage. 


The  weight  of  the  equipment  and  the  systems,  as  well  as  the  weight  of 
the  hull,  may  be  determined  by  calculation  or  according  to  statistical  data. 
For  our  purposes,  let  us  assume  that 


Peqpt  =  ^  kilqgrams  (of  force)  per  meter 
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Hence 


p.  =  SOK.  +  Ct~pnV  +  C.-fcpJ?  +.150.  p2) 

Optimum  meanings  of  the  parameter  Ng/VG  are  determined  according  to 

the  data  set  forth  in  [63]  and  the  graph  (Figure  61) ,  where  meanings  are 
received  for  the  efficiency  of  the  lift  system  nn  =  0.7  and  1.0  and  the 

incline  angle  of  the  nozzle  =  45°.  For  quality  in  the  relative  lift 

height,  we  adopt  the  parameters  hcY Sn  =  0,887  hiC.  .  By  substituting 
the  meaning  Ng/VG,  which  we  found  in  Figure  61,  into  the  expression  (92) 

it  is  possible  to  get  the  relationship  pn  to  'Jie  relative  lift  height,  the 

distance  of  the  voyage,  the  speed,  and  the  relationship  Kn* 


Figure  61.  Relationship  of  the  Parameter  (rry)  ^  to  the  Relative  Lift 
Height  of  the  ACV.  V‘U  opt 

Set  forth  in  Figure  62  is  a  graph  of  the  relationship  for  Kn  =  0.5;  Cj  =  2 

kilograms  (force)  per  h.p.  and  =  0.6  kilograms  (force)  per  h.p.  hour.  Also 

set  forth  is  the  relationship  of  the  payload  to  the  total  weight  of  the  ACV  -  the 
coefficient  of  utilization  of  displacement.  With  the  aid  of  a  similar  graph, 
it  is  possible  to  find  the  pressure  in  the  air  cushion  p^  in  accordance  with 

the  desigp  plan. 

A  projected  estimate  of  the  coefficient  of  the  pressure  for  the  lift 
system  of  a  Class  A  ACV 


may  be  accomplished  both  on  the  basis  of  the  calculation  of  the  sum  of  the 
coefficient  of  loss  in  pressure  according  to  formula  (61)  and  according  to  the 
statistical  data.  Analysis  of  the  latter  shows  that  the  quantity  p  is 
basically  determined  by  the  requirement  for  static  stability  of  the  ACV  and, 
with  ineffective  sectioning  of  the  lift  system,  may  reach  1.7  <  p  <  2.5. 
Sectioning  of  the  skirt  makes  for,  as  a  rule,  a  lower  coefficient  of  pressure 
up  to  1/6  -  1.5  and,  in  a  number  of  cases,  even  up  to  1.2  -  1.3. 
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Figure  62.  Regarding  the  Selection  of  Pressure  in  the  Air  Cushion 

The  height  of  the  ACV's  suspension  above  water  (for  a  workable  load  of 
10  <  G  <  30)  is  less  than  above  a  screen.  It  is  possible  to  roughly  determine 

hD  according  to  the  formula 
d  .  .  Q 


h,(aht- 


The  quantity  G/y  =  UgQ  may  be  computed  as  equal  to  the  size  of  the  depression 

formed  in  the  water  from  the  increased  pressure,  where  V  =  0.  It  is  well- 
-known  that,  as  the  ACV's  speed  is  increased,  the  size  of  the  depression 
in  the  water  is  decreased  and  where 

Fr  =  — >  1,2  5 


Ug  becomes  negligible.  It  follows  from  this  that,  with  such  meanings  for  the 

Froude  number,  the  ACV's  lift  height  (moving  over  water)  becomes  almost  equal 
to  the  lift  height  above  a  screen.  Calculation  of  the  relationship  of  the 
size  of  the  depression  (following  the  contour  of  the  air  cushion)  to  the 
Froude  number  may  be  accomplished  with  the  help  of  the  formulae  set  forth 
earlier  for  determination  of  the  ordinate  of  the  water's  surface  where  there 
were  regions  of  air  at  increased  pressure  (Figure  63).  Figuring,  roughly, 
that  the  average  change  in  the  ACV's  lift  height  is  equal  to 

*>  y,  2.  Fr )dxdz, 

A  diagram  of  this  theoretical  relationship  is  set  forth  in  Figure  64, 
where  experimental  relationships  are  also  shown  which  were  published  by  P. 
duCane  in  his  work  (70) .  For  comparison  of  the  curved  equation,  there  are  the 
final  meanings  (hg  and  hg) .  The  graph  shows  that  in  some  decreases  of  lift 
height  in  the  area  of  the  "hump"  wave  resistance  to  the  ACV,  and  then  -  of  the 


increase  hy up  to  a  meaning  equal  to  h3>  which. is  attained  when  Fr  =  1.2  *  5. 
Lesser  meanings  of  critical  Froude  numbers  conform  to  lesser  relative  loads 


Figure  63.  Dependence  of  the  Relative  Lift  of  the  Cavities  in  Shallow  Waters 
to  the  Speeds  of  the  ACV 


Figure  6*».  The  Change  in  Lift  Heights  of  an  ACV  in  the  Dependence  on  Speed 
of  Movement  Over  Water. 


A  practical  arrangement  for  calculating  the  power  of  the  lift  systems 
N  ,  necessary  for  maintaining  the  ACV,  is  set  forth  in  Table  3.  Initial 

I  I*  v 

data  for  the  calculation  consists  in  the  amounts  G,  Sn,  nB>  D.  ,  and  the 
geometric  dimensions  of  the  air  ducts.  Si  ° 

TABLE  3.  ARRANGEMENT  FOR  CALCULATING  THE  POWER  N  ,  NECESSAPY  TO 

n.c 

MAINTAIN  AN  AC V.  ON  AN  AIR  CUSHION. 


Formula 

Numerical 

Amount 

Comment 

D  Pa~x 

inf 

2)  APi  +  Ap4  +  A  pjj  +  Ap* 

Calculated  according  to  woll- 
-known  hydraulic  methods. 

*  4  • 

3)  .  Wp«pn+ VAp/  '  ■»  .  * 

.  _  lm  1  . 

7?  J  •  .  Q 

4)  ,  ■  -w 

Dr. 

Non-dimensional  expended-pressure 
characteristic  is  selected  by 
calculating  the  requirements 
enumerated  in  Section  13. 

s) 

\V 

«  V 

6)  tlcr,»/(5.  #> 

,  >.i  ,  ,  ,  i  *  M 

Some  interest  has  been  shown  in  the  method  for  quantitative  estimate  of 
power  loss  from  the  air  flow  which  moves  along  the  air  duct  of  the  lift  system 
[74] .  Disregarding  the  compressibility  of  air,  the  authors  of  this  work  sought 
to  estimate  the  efficiency  of  each  element  of  the  lift  system  in  the  following 
manner. 

The  efficiency  of  the  air-gate  is 


(95) 


I 


I 


efficiency  of  the  fan  is  . 

_  i  '  C  fan 
’Ifan-1 - in¬ 

efficiency  of  the  air  duct  is 

1^=1 — s - 


and  efficiency  of  the  stream  is 


.  .  ?p* 


The  total  efficiency  of  the  lift  system  is 


_  ,  t*  +  *  fan  +  +  */ 

=S  i  — - rrar.n - -• 


In  these  formulae: 


‘  C  ,  C  C.—  equal  the  coefficients  of  loss  in  the  air-gate,  fan,  air 

R'  —  duct  and  during  flow  of  air  from  the  area  of  increased 

pressure  accordingly;  and  :  : 

)• 

Hp  —  equals  the  total  pressure  created  by  the  fan  with  no -loss 
al  the  entrance  and  exit-way  of  the  fan.  i 

According  to  the  data  set  forth  in  Thompson's  article  [75],  the  total  ! 

efficiency  for  the  SRN6  ACV  was  n  =  0.49.  These  figures  may  be  adopted 

n  •  c 

as  the  standard  characteristics  of  the  effectiveness  of  ’a  well-designed  ACV 
lift  system.  They  also  establish  .indices  of  specific  power  for  a  lift  ! 

system,  according  to  t-he  total  weight  of  the  ACV:  28  h;'p.  per  ton  for  the 
SRN6  and  25  h.p.  per -ton  for  the  SRN4.  } 

*  , 

Experimental -research,  carried  out  by  the  Aviation  Institute  in  i 

Bedford  (England)  [71],  showed  that  even  with  i  high  efficiency  rate  for 
the  fan  (n  =  0.9;  nQT  =  0.7)  and  retention  of  i\  wide  range  for ‘lift  height 

(2  <  h/b  <  5),  the  efficiency  of  the  lift  system  does  not  exceed  0.!S  with 
h/b  =  1.5,  but  with  an  increase  in  lift  height— it  decreases:  nn  c  =  0.4-  1 

with  h/b  =  3.7  and  nn  =  0.28  with  h/b  =  6.  r 

n.  c 

Everything  above  may  apply  to  ACV's  with  rigid  bodies  or  with 'flexible  ? 
skirts,  their  deformation  from  changes  in  air  pressure  or  during  slight1 
contact  with  the  water  being  negligible.  In  the  latter  case,  the  ACV's 
lift  height  is  determined  by  calculation  of  the  constant:  height  of i  the 
flexible  skirt  (e.g.,  for  Class  A  ACV's  with  flexible  jets)  according  to!  .  ‘ 

the  formula: 


i 


! 


I 


i 


h  ~  h  -i-  h  • 

»  r.  o  *  "je* 

A.~\o+ ■' 


U.(Fr) 

-S„  .  ' 


However,  the  basic; characteristic  of  flexible  skirts  is  the  capacity  for 
•.  considerable  deformation  from  comparatively  small  forces  of  a  specific 
direction.  The  height  of  the  skirt,  therefore,!  depends  on  its  structure, 
materials  and  amounts  of  external  and  internal  forces.  - 

;  •  !  i  • 

By  analyzing  the  dimensions . of  the  actual  skirt  height  (see  Chapter 
.  II),  it  is  possible  to  establish  that  there  is1 a  great  influende  on  the 
rigidity  oJ:  the  flexible  skirt's  material j (during  suspension  over  a  screen), 

characterized  by  the  non-dimensional  parameter  -71  ^  ' ~~  i  of  Kosh 

(  numbers,  where  6r  Q  equals  the  thickness  of  the  material; 

1  equals  the  typical  dimension;  and 

:  t 

5  ‘  E  equals  the  module  of'  elasticity  of  the  skirt's  material. 

i 

•  j  i  * 

Besides  this,  the  parameter  connected  with  air  expenditure  has  a 
considerable  influence  on  the  ACV's  lift  hfeight  above  a  screen 

'  ir  -  iSi 

During  suspension  over  water,  the  influence  on  the  skirt's  rigidity  decreases, 
i  but  the  influence  on  the  expenditure  increases. 

i  > 

During  the  Class  A.  ACV's  movement  over  water,  with  lengthy  contact 
between  the  flexible  skirt  and  the  water' i  surface,  there  is  considerable 
deformation  in  the  bow  .and  side  sections  of  the  skirt,  a  decrease  in  the 
skirt's  height  and,  consequently,  in  the  ACV's  ilift  height.  The  amount 
of  deformation  defends  both  on  external  conditions  and  characteristics  of 
the  ACV  (stability  and  control).  This  phenomenon  is- palled  "dumping"  and 
will  be  examined  in  more  detail  in  the  appropriate' section. 

The  methods  set  forth  for  determining  the  ACV's  lift  height  yield 
still  another  important  characteristicJ--the  degree  of  static  stability 
for  an  !ACV  in  relation* to  vertical  shift,  expressed  in  the  form 'of  the 
derivative  from  the  relationship  of  lift  forces  to  lift  height.  In  non- 
-dimensional  form,  this  characteristic  may'be  set  forth  as: 
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i 


(100) 


I 


TS» 


As  with  the  lift  height,  K  basically  depends  both  on  the  form  of  the 

characteristic  H  (Q)  of  the  air  pump  and  on  the  characteristic  of  the 
skirted  air  cushion.  Using  as  the  basic  equation  for  balance  of  a  Class 
A  ACV 


G  =  paSn  =  Y  with  the  calculation  pa  =  pp/p; 

and  for  Class  B 

G  =*  pnSn  +  =  Y  with  the  calculation  p  =  1  (U^  equals  the 

submerged  portion  of  the  ACV's  hull),  we  get  for 
for  Class  A  '  L  _ 


t(P)4 


for  Class  B 


■  j!£n.s  t  -t  .  . 

■  dh  "  7  dh  ...  dpa  ,  dUK 

A  u  =»  - r - -t r  t - 


(101) 


(102). 


The  derivative  3p/3h  is  c’  'rmined  according  to  the  skirt  characteristics 
set  forth  above. 


The  derivative  3U^/3h  is  determined  by  methods,  familiar  in  statics 
of  ships,  according  to  the  ACV’s  cargo  space. 

Determination  of  the  derivative  3pn/3h  for  Class  A  ACVs  and  the 
derivative  3pn/3h  for  Class  B  ACV's  introduces  a  number  of  simplifications 
which  are  set  forth  below. 

Let  us  consider  that  the  operational  part  of  the  expended-pressure 
characteristics  for  the  fan  is  approximately  linear,  i.e.. 


dH 


ii  tj mu  {  vst  r\ 

nCT  "Wet  Iq-o - ^q"  Q* 


(103) 
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We  note  that  the  pressure  in  the  receiver  is  composed  of  static  pressure 
and  parts  of  dynamic  pressure  developed  by  the  fan,  i.e.. 


Pp  = 

where  xp  <  1;  „  _.?  (  Q  \* 


(104) 


F,  =•  access  area  of  the  fan. 


Hence, 


(105) 


By  substituting  Q  here,  according  to  formula  (63) ,  we  get 

> 

■p>a  Hcr +*H(Wpp(-jr)**~ 

or 

p’[‘"s>W‘~‘]~tif*'' ]/| V^+«T-o-  . 

We  designate  . 

™en  '  '  Lpp  —  M Yfy  +  H'™  =  0;  '■  /*. 

■  p  =tJ^L — Hsi—  -f  i/  M2—4LHma 

2 L*\':  ■  L  -3.  .  .V 

By  uncovering  the  meanings  of  L  and  M  and  differentiating  according 
to  h  the  relationship  p  (h)  which  was  received,  we  discover  the  meaning 

of  the  derivative  Sp^/Sh. 

The  amount  for  Class  B  ACVs  3pn/3h  is  similarly  determined. 
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v  Figure  6f>.*  Diagram  of  the  Structure  of  ACV 
Variants,  Adoptee!  for  Calculation.  I,  Chamber 
variant;  II,  Jet  variant. 


The  practical  application  of  the  correlation  received  is  shown  in  a 

numerical  example.  We  will  calculate  according  to  the  following  data, 

given  for  a  Glass  A  ACV:  L  =  7.50  meters,  B  =  8.75  meters,  S  = 

0  n  n  n 

'=  65.6  meters2  (the  form  of  the  air  cushion  in  the  plan  is  right-angled), 
and  hr  0  =  0.70  meters  (Figure  65).  For  a  first-rate  pneumatic  super¬ 
charger,  we  note  that  there  are  two  fans  in  two  versions:  type  DV-lk  and 
type  Ts7-29.  The  non-dimensional  characteristics  of  these  fans  are  set 
forth  in  Figure  66.  As  a  result  of  calculating  the  dimensional  relation¬ 
ship  of  H(Q),  we  get  two  groups  of  characteristics,  corresponding  to  the 
"incline",  characteristic  of  the  DV-lk  and  the  "decline"  characteristic  of 
the  Ts7-29. 

Calculation  of  lift  height  during  suspension  of  the  ACV  above  a 
screen  also  is  accomplished  for  the  two  variations  of  flexible  skirts: 
chamber  and  flexible  jet  (b  =  0.100  m).  For  practical  purposes,  let's 
use  a  range  of  relative  weights  where  15  <  G  <  30.  The  skirts  are  cal¬ 
culated  according  to  nondeformation,  but  a  comparison  of  the  results  of 
calculations  from  experimental  tests  made  on  model  ACVs  (chamber  variant, 
fan-type  DV-lk)  shows  some  kind  of  "extenuating"  relationship  hg(G)  in 

the  models  due  to  skirt  deformation,  which  characteristically  approximates 
the  experimental  relationship  'to  the  calculation  made  for  chamber-type 
ACV's  with  fans --the  Ts7-29. 


'Figure  66.  Flow  Rate-Pressure  Characteristics 
of  Fans  Used  for  Calculation. 


Using  the  relationship  h  (G)  (Figure  67),  we  discover  the  function 

Ky(G)  for  all  the  ACV  variants  (Figure  68).  The  graphs  cl.early  illustrate 
the  role  of  each  factor  in  creating  vertical  stability  for  an  ACV: 

increased  weight  leads  to  a  higher  degree  of  vertical  stability; 

in  conforming  with  formulae  (101)  and  (102),  an  increase  in  the 
"uphill"  characteristic  of  the  fan  leads  to  a  comparable  increase  in  degree 
of  vertical  stability; 


a  chamber-type  barrier  creates  a  higher  degree  of  vertical  stability 
than  does  the  jet-type. 


The  problems  of  vertical  stability  in  the  ACV  were  examined  by  N.  K. 
Walker  [78]  (U.S.A.)  and  P.  Quine  [102]  (France).  For  the  jet-type  ACV, 
N.  K.  Walker  proposed  the  formula  (in  our  designations): 


(106) 


The  results  acquired  from  formula  (106),  and  shown  in  Figure  68,  approximate 
the  characteristic  proposed,  but  quantitatively  some  are  separate  due  to 
the  difference  between  the  graphs  of  V.  I.  Khanzhonkov  and  the  values  of 
the  derivatives  in  formula  (106)  obtained  according  to  exponential  theory. 
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Figure  67.  Relationship  of  an 
ACV's  Lift  Height  to  Weight, 

Type  of  Fan  (Nos.  1  and  2)  and 
Type  of  Air  Flow  Where  Ng  =  const. 

1  ,  No.  1,  Jet-type,  estimated; 

,  No.  2,  jet-type,  estimated; 

,  No.  1,  chamber-type,  estimated; 
,  No.  2,  chamber-type,  estimated; 
,  No.  1,  chamber-type,  -tested. 


Figure  68.  Dependence  of  Degree 
of  Vertical  Static  Stability  of  an 
ACV  in  Suspension  Above  a  Screen 
From  a  Fan  (#1  and  2),  Variants  of 
Air  Flow  and  Weight  of  the  Craft: 


a,  Chamber  version;  b,  Nozzle  version. 
1,6,  #1  Calculated  by  the  formula 

(100) ;  1*,  H2  calculated  by  formula  (107);  5,  Model  experiment  (fan 
#1);  7,  #1  calculated  by  formula  (106);  8,  ft 2  calculated  by  formula 
(100);  9,  § 2  calculated  by  formula  (106);  10,  Model  experiment  on 
the  ACV,  CC-2.001. 


For  the  chamber- type  ACV,  Walker  and  Quine  proposed  the  same  formula 
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The  results  of  formula  (107)  also  are  set  forth  in  Figure  68,  and  sub¬ 
stantiate  the  good  qualitative  and  quantitative  convergence  of  data 
acquired  by  various  methods. 


A  calculated  estimate  of  the  degree  of  vertical  static  stability  for 
an  ACV  suspended  over. water  may  be  made,  in  principle,  by  methods  similar 
to  the  above,  however,  for  practical  purposes,  fairly  reliable  results  may 
be  obtained  by  the  -following  simple  method. 

_Let  115  suppose  that,  during  suspension  over  water,  the  derivatives 
3p/3h  retain  their  meanings,  as  well  as  during  suspension  above  a  screen, 
but  that  the  flexible  skirt  has  not  yet  been  deformed.  Then  the  ACV's 
vertical  shift  3hg,  during  changes  in  loads,  will  result  in  only  two 

types  of  shift  being  formed: 


a)  ACV  shift  relative  to  depressions  under  the  bottom 

.  ■  „ ,  d.O  .  •  ■ 

K  itfin 


b)  ACV  shift  coupled  with  bottom  depressions  due  to  changes  of  loads 
on  the  water 

I  dh'r^M..  ; 


dht  =  dh'  +  dh* 

Hence  „  ga  i 


JCi L 


T[Sn  Kj/+ 1 


(108) 


Thus,  to  estimate  the. degree  of  vertical  static  stability  for  an 
ACV  suspended  over  water,  all  one  needs  to  know  is  this  characteristic 
for  suspension  above  a  screen. 

In  spite  of  the  roughness  of  the  approach,  experimental  data  coincides 
with  the  calculations  (Figure  69) . 

The  relationship  of  the  degree  of  vertical  static  stability  of  an 
ACV  to  its  speed  in  calculating  the  previous  formula  for  hv  (Fr)  may  be 

estimated  by  the  equation 

V  + K-)  -  <*.-  .  (W9) 

let) 

where  Fr  v  1.2-5  in  accordance  with  experimental  Qata.. 
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Figure  69.  Relationship  of  Degree  of  Vertical  Static  . 
Stability  for  an  ACV  Suspended  Above  Water  to  Fan-Type 
(Nos.  1  and  2),  Type  of  Air  Flow  and  Weight  of  the  Craft. 
1,  No.  1,  ehamberrtype,  estimated;  2,  No.  2,  chamber- 
-type,  estimated;  ‘3,  No.  1,  chamber-type,  model  ex^ri- 
ment;  4,  No.  1,  jet-type,  estimated;  5.  No.  2,  J^t-type, 
estimated. 


§15-  Static  Stability  of  an  ACV 

Stability  for  an  air  cushion  vehicle,  as  understood  in  ship  theory, 
is  a  feature  of  the  craft  resulting  from  external  forces  for  balance 
returning  again  after  having  stopped  [44] . 

Stability  is  provided  by  forces  and  moments  arising  when  the  craft 
deviates  from  a  position  of  balance,  in  relation  to  the  amount  of 
deviation,  it  is  possible  to  observe  stability  in  non-linear  form  in.  the 
final  deviation  to  balance  and  stability  in  linear  approximation,  or 
initial  stability  when  there  is  little  deviation  in  balance. 

As  to  the  amount  of  deviation  from  balance  (shift),  usually  list 
and  trim  difference  are  observed  (transverse  and  longitudinal  stability) . 
These  shifts  may  be  static,  produced  for  example  by  changes  in  the  center 
of  gravity  for  the  ship,  or  dynamic,  appearing  during  the  ship's  rolling 
on  the  waves,  maneuvering,  etc. 

At  first  glance  the  physical  phenomena  characterizing  the  stability 
of  the  ACVs  are  similar  to  the  analogous  phenomena  examined  in  the 
’theory  of  stability  of  high  speed  cutters  (floating  and  on  hydrofoils). 

In  either  case  a  lateral  force  develops  during  roll,  and  the  quantitative 
characteristics  of  stability  depend  largely  on  the  speed  of  the  vessel. 

At.  the  same  time  the  theory  of  ACV  stability  is  more  complex,  since  it 
examines  the  various  conditions  of  ,operation--hovering  and  motion  above 
the  water  and  above  a  rigid  screen,  the  more  complex  mechanism  of  formation 
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of  recovery  forces  and  moments  which  include,  in  addition  to  hydrodynamic 
components,  forces  and  moments  produced  by  the  list  system  of  the  ACV 
through  interaction  of  air  currents  and  air  cushion  enclosures  with  the 
deformed  bearing  surface  (water) . 

Since  the  ACV  is  a  high  speed  vessel,  straight-line  uniform  travel 
at  high  speed  over  the  surface  of  calm,  deep  water  should  be  considered 
as  characteristic  mode  of  operation  for  analysis  of  its  stability.  The 
external  load  that  acts  on  the  ACV  under  these  conditions  may  be  static 
when  the  time  of  change  of  load  from  zero  to  the  design  magnitude  is 
several  times  greater  than  the  period  of  listing  of  the  ship,  and  dynamic 
when  the  time  of  change  of  the  load  is  commensurate  with  the  period  of 
listings,  or  when  the  action  of  this  load  is  of  a  pulsed  character.  In 
accordance  with  the  character  of  action  of  external  forces  and  the  be¬ 
havior  of  the  ACV  stability  can  be  classified  as  static  and  dynamic. 

In  this  chapter  we  will  examine  only  static  stability.  The  basic 
problems  of  the  theory  of  ACV  stability  are  the  following: 

development  of  methods  of  calculation  of  the  quantitative  character¬ 
istics  of  the  static  stability  of  the  ACV  under  normal  operating  conditions 
(travel  over  water,  hovering  above  water  and  above  a  screen); 

development  of  a  system  of  design  and  operational  measures  related 
to  insuring  optimal  stability  characteristics  of  the  ACV; 

development  of  stability  standards,  compliance  with  which  should 
insure  safe  ACV  operation  without  capsizing. 

Methods  of  Insuring  ACV  Stability 

As  was  shown  in  Chapter  I,  the  evolution  of  the  design  types  of  ACVs 
led  to  the  appearance  of  a  great  diversity  of  designs  and  constructions 
of  these  vehicles.  Examination  of  ACV  stability,  however,  shows  that 
nearly  all  of  them  can  be  placed  in  two  basic  classes,  depending  on  the 
method  used  for  producing  the  recovery  moment  when  the  vehicle  is  listing: 

Class  A— the  hull  of  the  ACV  separates  completely  from  the  bearing 
surface.  The  vessel,  as  a  rule,  is  equipped  with  a  flexible  air  cushion 
inclosure  and  receiver,  which  distributes  the  air  flow  among  the  sections 
of  the  cushion. 

The  recovery  moment  is  created  by  redistribution  of  pressure  over  the 
area  of  the  sectioned  air  cushion  when  the  ACV  is  in  a  listing  position 
(Figure  9) . 
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Class  B — the  protruding  parts  of  the  ACV,  attached  to  the  rigid  hull 
and  designed  to  insure  stability  (side  bodies,  hydrofoils,  etc.)  come 
into  partial  contact  with  the  water.  The  recovery  moment  is  created  through 
the  action  of  hydrostatic  or  hydrodynamic  forces  on  these  parts.  As  a 
rule  there  is  no  receiver,  air  is  delivered  to  a  common  sub-cupola  chamber 
and  there  is  practically  no  pressure  redistribution  when  the  ship  is 
listing  (Figure  9) . 

In  individual  cases  it  is  possible  to  have  combinations  of  these  two 
methods-  of  producing  the  recovery  moment. 

We  will  examine  in  greater  detail  the  physical  phenomena  that  occur 
during  sloping  of  Classes  A  and  B  ACV  and  the  mechanism  of  influence  of 
the  parameters  of  the  ACV  lift  system  on  the  magnitude  of  the  recovery 
moment. 


Class  A  ACV 


The  initial  stability  of  the  ACV  in  the  over-water  travel  mode  depends 
substantially  on  the  velocity  of  the  vehicle,  but  after  some  velocity  has 
been  reached  the  stability  ceases  to  change  with  further  increase  in 
velocity.  It  is  natural  to  assume  V  =  0  as  the  lower  bounds  of  velocity, 
i.e.,  the  case  when  the  vehicle  is  hovering  over  the  water.  The  upper  bounds 
of  the  examined  velocity  range  can  be  determined  on  the  basis  of  a  combina¬ 
tion  of  two  conditions.  The  first  condition  is  the  practically  total  dis¬ 
appearance  of  deformations  of  the  water  surface,  caused  by  high-pressure 
air  passing  over  it  (see  Chapter  II).  This  condition  is  satisfied  when 

Fr  >  Fr^P  and  corresponds  to  the  mode  of  ACV  travel  over  a  solid  screen. 

The  second  condition  is  that  the  velocity  should  not  exceed  the  value  at 
which  the  air  flow  begins  to  have  a  notable  effect  on  the  distribution 
of  pressures  in  the  air  cushion,  i:e.. 


where  V^  is  the  velocity  at  which  the  air  flows  from  the  receiver  into  the 
atmosphere. 


It  has  been  established  theoretically  and  experimentally  that  Fr^'P 
*  1.2-5,  kj  1/2,  and  consequently  the  upper  bounds  of  the  examined  velocity 
range  of  ACV  can  be  assumed  approximately 
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■  (no) 

Tests  have  established  that  when  an.  ACV  travels  above  a  screen  its. static 
stability  remains  practically  constant  in  a  broad  range  of  velocities  [5], 
•therefore  the  travel  of  an  ACV  over  a  screen  can  be  equated  to  hovering 
over  the  screen,  i.e.,  the  conditions  during  travel  of  an  ACV  over  water 
at  a  velocity  close  to  Vffi  can  be  assumed  to  correspond  approximately  to 

the  conditions  of  hovering  over  a  screen. 

Thus,  during  examination  of  the  interaction  of  the  high  pressure  region 
with  the  water  surface,  the  general  case  of  ACV  travdl  over  water  can  be 
considered  intermediate  between  the  cases  of  hovering  over  water  and  hover¬ 
ing  over  a  screen.  This  notion  considerably  simplifies  the  methods  of 
determining  ACV  stability  characteristics,  since  it  is  essential  to  determine 
these  characteristics  only  in  two  cases  of  hovering, (over  water  and  over  a 
screen)  and  also  to  establish  between  these'  characteristics  the  relationship 
that  depends  on  the  velocity  of  the  ACV. 

During  ACV  hovering  over  a  screen,  regardless  of  the  type  of  air 
cushion  enclosure,  the  pressure  within  it  changes  as  a  function  of  the 
elevation  of  the  ACV,  specifically:  pressure  increases  as  the  hull  of  the 
ACV  approaches  the  screen  and  conversely.  This  phenomenon  is  the  basis 
of  the  principle  of  sectioning  of  the  air  cushion  to  create  the  recovery 
moment  when  the  ACV  is  in  a,  listing  position.  In  this  case  the  pressure 
in  each  section  chapges  as  a  "function  of  the  distance  between  the  sections 
and  the  screen.  Moreover,  the  air  flow  rate  through  the  various  portions 
of  the  air  cushion  enclosure  also  changes  as  a  function  of  the  distance 
between  the  lower  edge  of  the  enclosure  and  the  screen.  The  quantitative 
characteristics  of  change  in  pressure  and  flow  rate  as  functions  of  eleva¬ 
tion  depend  on  the  type  of  air  cushion  enclosure,  operating  parameters  of 
the  lift  system  and  hydraulic  interaction  among  the  air  cushion  sections. 

There  are  many  variations  of  air  cushion  sectioning,  but  all  of  them 
can  be  placed  in  three  substantially  different  groups  (Figure  70): 

Experience  shows  that  the  second  group,  which  produces  the  greatest 
recovery  moments,  other  conditions  being  equal,  is  the  most  effective. 

Sectioning  of  the  air  cushion  is  accomplished  by  means  of  jets  (a 
nozzle  system)  or  mechanical  (rigid  and  flexible)  enclosures  analogous 
to  the  peripheral  enclosures. 
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Figure  70.  Diagrams  of  Sectioning  of  Air  Cushions 
of  Class  A  ACVs:  a,  Concentric  sectioning;  b,  c,  d, 
Radial  sectioning;  3,  Combined  sectioning. 

1,  Concentric  sectioning  (type  a  in  Figure  70); 

2,  Radial  sectioning  (type  b,  c,  d) ;  3,  Combined 
sectioning  (type  e) . 


P  1 


We  will  list  the  basic  requirements  on  sectional  skirts: 

the  skirts  of  maximum  pressure . drops  among  the  sections  during 
listing  of  the  ACV; 

required  stability  of  the  form  of  sectional  skirts  during  action 
upon  them  of  possible  pressure  drops; 

minimal  use  of  power  by  the  lift  system  for  the  creation  of  boundaries 
of  the  sections; 


minimal  additional  drag. 
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Other  parameters  of  the  lift  system  (design  of  lift  system,  form  of 
characteristic  H(Q),  etc.)  also  influence  pressure  change  in  the  sections 
When  the  ACV  is  tilted  in  addition  to  the  characteristics  of  the  air  cushion 
enclosures.  By  way  of  example  we  will  examine  the  pressure  change  in  some 
section  of  the  air  cushion,  attributed  to  displacement  of  the  nozzle  exit 
by  the  magnitude  6h  in  two  different  cases: 


a)  for  constant  receiver  pressure  p^  =  const,  which  corresponds  to 

a  common  receiver,  which  distributes  the  air  flow  among  all  sections  of 
the  air  cushion; 


b)  for  fan  operation  separately  in  that  section  of  the  receiver 
connected  exclusively  to  the  examined  air  cushion  section. 


In  case  a)  the  pressure  in  the  air  cushion  section  approaches  a 
constant  pressure  p^  and  its  maximum  h  is  increased.  Here,  the  reduction 

of  the  air  flow  rate  through  the  section  of  the  lower  side  is  compensated 
by  an  increase  in  the  flow  rate  through  the  opposite  section,  with  the 

result  that  p  and  Q  remain  constant. 

P 


In  case  b)  the  reduction  of  flow  rate  as  the  nozzle  approaches  the 
screen  causes  p^  to  increase  in  accordance  with  fan  characteristic  H(0)  » 

~  Pp(Q)-  Consequently,  as  in  case  a)  the  reduction  of  pressure  coefficient 


p  as  h  increases,  i.e.,  as  x  is  increased  (see  equation  (69)),  leads  to  a 
sharper  increase  in  pressure  in  the  air  cushion  section. 


Consequently,  the  partitioning  of  only  the  air  cushion  into  sections 
can  insure  initial  stability  of  the  ACV  if  the  pressure  coefficient  p  is 
sufficiently  large.  In  this  case,  when  the  ACV  is  in  a  listing  position 
the  fan  operates  practically  in  a  constant  mode  and  the  pressure  in  the 
section  of  the  air  cushion  located  beneath  the  lower  side  can  reach  the 
magnitude  of  the  pressure  in  the  receiver.  This  substantially  limits  the 
recovery  moment. 


In  the  case,  however,  of  partitioning  of  the  receiver  of  the  ACV  into 
parts  in  such  a  way  that  each  section  of  the  receiver  is  connected  only 
to  its  air  cushion  section,  as  the  pressure  in  the  air  cushion  section 
increases  and  as  the  air  flow  rate  decreases  correspondingly,  the  pressure 
in  the  receiver  also  rises,  i.e.,  in  this  case  the  fan  operates  according 
to  this  characteristic  and  the  recovery  moment  at  this  angle  of  list  is 
much  larger.  Calculations  carried  out  on  the  basis  of  data  on  several 
ACVs  show  that  partitioning  of  the  receiver  and  some  alteration  of  internal 
flexible  enclosures  may  yield  a  2-2.5  fold  increase  in  initial  stability. 
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In  this  case,  maximum  stability  is  achieved  when  fan  characteristic 
H(Q)  has  the  maximum  possible  "curvature"  of-JH/  Q,  and  the  lochtion  of 
the.  working  point  on  it  ensures  sufficient  pressure  reserve  H(Q  =  0)/  , 

/if ic  >  1*15.  In  addition,  a  lift  system  of  this  design  affords  the 

possibility  of  controlling  the  position  of  th.e  ACV  through  actions  on 
the  air  flow  parameters  in  the  sections.  Th£  control  devices  are  usually 
various  types  of  rotating  flaps  located  in  the  air:  intakes,  receiver  and' 
rigid  nozzles.  Certain  ACVs,  among  them  SRN5,  SRN6  and  SRN3,  are  equipped 
with  methods  of  control  by  flexible  enclosures.  The  means'  of  control  of 
the  operation  of  components  of  the  lift  system  ^include  remote  cqntrol 
of  the  position  of  the  vanes  of  the  fan  and  dried  vanes  at  the  fan  intake, 
and  also  control  of'  fan  rpm. 

2 

„  I 

Experimental  studies  of  the  dependence  of  the  degree  of  ACV  stability-- 

—dimensionless  initial  metacentric  height  in  (see  equation  (117))— on  the 

pressure  coefficient  revealed  that  this  dependence  is,  in  mos't  cases, 

-0  -  .  * 

linear  and  can  be  characterized  quantitative^'  by  the  product  3m  /8p, 

»  X  * 

which  determines  the  increment  or  metacentric  altitude  as  the  pressure 
coefficient  increases,  i.e.,  the  capacity  of  a  specific  lift  system  to 
create  initial  ACV  stability.  Comparison  of  various  ACVs  in  terms  of 

8m®/ 8p 


gives  a  more  complete  idea  of  their  stability  under  identical  con¬ 


ditions,  but  experimental  data  are  often  insufficient  for  evaluation  of 
Therefore  comparison  of  ACV  stability  is  usually  limited  to  the 


8m®/ 8p. 

*  -  0 
value. mx 


In  the  hovering  mode  of  Class  A  ACV  over  water,  the  recovery  moment 
is  created  in  the  same  way  as  in  the  mode  of  hoyering  over  a  screen,  but  ! 
the  quantitative  characteristics  differ  considerably: from  those  of  the 
mode  of  hovering  over  a  screen.  ’This  is  caused  primarily  by  the  capacity 
of  the  bearing  surface  (water)  for  deformation  under  the  influence  of! 
surface  pressure.  It  has  been  established  theoretically  and  experimentally 
that  at  the  relatively  low  air  flow  rate  characteristic  of  contemporary ‘ACVs 
the  elevation  of  the  vehicle  above  the  water,  assuming  other  conditions  to 
be  equal,  exceeds  the  elevation  above  the  screen.  At  thfe  same  time  the 
character  of  change  of  pressure  and  air  flow  rate  as  a  function  of  elevation 
remains  practically  the  same  as  above  the  screen.  5  : 

Consequently,  the  functions  obtained  for  the  mode  of  hovering  above 
the  screen,  with  corrections  that  allow  for  deformation  of  the  water 
surface,  and  also  experimental  data  can  be  used  for  approximate  determina-1 
tion  of  ACV  stability  characteristics  in  the  mode  of  hovering  over  water. 
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i  The  pliability  of  the  bearing  surface  is  easily  considered  by  intro¬ 
ducing  the’  corresponding  coefficients  obtained  either  through  calculations 
or  experimentally.  Calculations  and  tests  of  ACYs  and  models  .indicate  that 
AGV  stability  in  the  water^hovering  mode  is  always  less 'than  in  the  screen- 
-jiovering  mode.  The  converse  may  be  true  only  in  the  case  of  exceedingly 
high  relative  air  flow  rates  and  relatively  iow  altitudes,  when  laree 
spray  streams  packed  on  the  ACVes  hull,  causing  additional  forces  and  moments 
[32]  J  ‘  ■  '  •  -  ..  ' 

i  \ 

The  mode  of  travel  of  Class  A  ACVs  over  water  is  characterized  by  the 
gradual  change  in  stability  parameters  as  a  function  of  the  travel  velo¬ 
city  and  change  of  deformations  of  the  bearing  surface  [63,  72],  (see 
.Chapter  II).  The  elastic  properties  of  the  air  cushion  are  considered 
'here  to  be  constant.  Tests  of  ACVs  and  models  indicate  that  the  initial 
stability  during: travel  changes  from- the  value  corresponding  to  the  water- 
covering  mode  (for  V  =  0)  to  the  value  corresponding  to  the  mode  of  hovering 
over  a<  screen  (for  V,  <  V  ) . 

■  !m  1 

Class  B  ACV 

The  nature  of  forces  that  ensures  a  stability  of  Class  B  ACVs  and  the 
physical  phenomena  related  to  them  differ  substantially  from  those  examined 
above.  For  example,  the  stability  of  a  catamaran  type  ACV  is  insured  in 
the'* water-hoyering  mode  basically  by  hydrostatic  forces,  and  in  the  high 
speed  travel 'moc[e  by  hydrodynamic  forces  on  the  side  bodies  in  contact 
with  thd  water.  Consequently,  the  system  of  forces  that  ensure  stability 
of  Class  B  ACVs  is  more  complex  and  can  be  calculated  comparatively  simply 
only  for  tl^e  hovering  mode.  1 

i  * 

.  •  »  * 

.  Hovering  over  water.  During  heeling  of  catamaran  type  ACVs,  in 
‘contrast  to  Class  A  ACV,  the  hull,  as  it  enters  the  water,  discharges  some 
of  the  air  cushion, 'and  therefore,  pressure  in  .the  sub-cupola  part  decreases 
as'  list  increases.  In  accordance  with  fan  characteristics,  as  the  roll 
angle  increases  air  fl6w  rate  Q  increases.  The  distribution  of  pressures 
over  the  air  cushion  area  during  the  process  of  listing  of  the  ACV  remains 
practically  ’uniform,  and  therefore  the  moment  from  the  air  cushion  comprises 
a  small  fraction  of  the  total  recovery  moment.;  Most  of  the  recovery  moment 
is  created  by  a  moment  of  hydrostatic  nature,  generated  by  the  hull  as  it 
enters  the  water.  ,  *  '  > 

I  , 

In  .the  mode  of  travel  of  Class  B  ACV^  over  water  the  hull  interacts 
1  with  the  wavy  surface',  which  at  low  speed  (Fr  <  1.0)  generally  leads  to  a 
15  to  25%  decrease  in  the  initial  stability  of  the  Vessel  from  the  value 
corresponding  to  hovering  over  water. 
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When  Fr  ~  1. 0-1.1,  the  initial  stability  returns  to  the  original  value; 
and  when  Fr  =  1.5-1. 7,  it  becomes  maximum.  In  this  case,  obviously,  a 
combination  of  the  magnitude  of  hydrodynamic  pressures  acting  on  the  hull 
of  the  ACV  and  of  the  submerged  surfaces  of  the  hull  is  optimal. 

With  a  further  increase  in  velocity  of  the  ACV  the  stability  decreases 
due  to  a  reduction  of  the  submerged  area  of  the  hull  and  reduction  of  the 
trim  of  the  ACV.  This  phenomenon  is  similar  to  the  loss  of  longitudinal 
stability  of  a  cutter  traveling  at  high  speed  and  may  occur  in  those,  ACVs 
whose  hulls  have  hydroplaning  surfaces.  If  the  hulls  are  built  in  the 
form  of  side  walls  with  a  large  keel,  changes  in  stability  as  a  function 
of  velocity  should  be  less  sudden,  since  the  vertical  component  of  the 
hydrodynamic  forces  is  much  smaller  in  this  case  than  in  the  preceding 
case. 


Approximation  of  Static  Stability  of  ACV 
Class.  A.  Hovering  Over  Screen 

The  equations  of  equilibrium  of  ACV  are 

(111) 

(112) 

(113) 

In  these  equations: 

p  —  the  average  excess  pressure  in  the  i  section  of  the  air  cushion; 
ni. 

S^,  z ^  —  the  area  and  ordinate  center  of  gravity  in  the  area  of  the  i 

section  of  the  cushion; 

Zw’  Yuj  —  t*ie  ^°rce  resistance  0f  the  ACV's  side  drift  or  reaction 

to  contact,  keeping  the  ACV  from  horizontal  shift  during  list, 
and  the  coordinate  point  applicable  to  the  craft; 

Pg,  yg  —  the  side  force  or  reaction  to  the  air  stream,  flowing  from  the 
area  of  increased  pressure  during  incline  of  the  ACV,  and  its 
coordinate  in  connection  with  the  craft's  cobrdinate  system; 

G,  y^  —  the  weight  and  coordinate  of  the  ACV's  center  of  gravity; 

0  --  the  ACV's  list  angle; 

M.  —  the  external  list  moment,  applicable  to  the  ACV; 


;  .  S  Y 2  Pni$t  ~  G  —  0; 

:  2z=p6-4«0; 

:  sjv* t'S + n*°rz ^KP 7 - 5; 


=  0. 
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M.  --  the  restored  moment,  with  f-1  =  K  +  +  M 

o  O  Ail  O  Xb 

Mx(,  —  the  moment  of  weight,  with  =  GyG  sin  8; 

M  —  the  moment  specified  by  the-  redistribution  ;of  pressure  along 
the  --ur  ciishion 

Mm  =  Hi  PalS &•' 

,  .  I  .  '  •  ■  - 

Mg  —  the  moment  specified  by  the  action  of  horizontal  reaction 
;  Ms  r=  P6  (ym  +  j/s)  CM  9. 


The  equations  may  be  solved  relative  to  Mq  = 
ships  are  determined  beforehand. 

To  determine  pn^(0),  the  following  are  used:  equation  (111),  the 

equation  for  continuous  flow  in  the  lift  system,  the  characteristics  of 

peripheral  and  sectioned  skirts  and  the  characteristic  H(Q)  of  the  fan, 

as  well  as  the  equation  for  kinematic  contact  with  shift  for  various 

points  of  the  hull  and  skirt  of  the  ACV  affecting;  the  list  angle  and  lift 

height  of  the  ACV.  The  non-linearity  characteristic  of  the  skirt  (see 

formulae  (67)  and  (68)  for  example)  and  the  characteristics  of  the  fan 

force  the  ACV  to  seek  some  kind  of  balance  with  vertical  shift  by  means 

of  the  calculation  p  .(h)  with  6  fixed.  To  attain  this,  a  number  of 
ni 

meanings  for  pn^  are  calculated,  with  several  meanings  for  lift  heights 

of  h|0=o  and  less,  solved  each  time  according  to  the  equation  for  continuous 

flow  in  the  lift  system.  Thus,  we  get  for  the  lift  height  h.,  which 

satisfies  the  equation  for  vertical  forces  (111).  Results  of  calculations 
and  experimental  data  provides  evidence  that  the  average  lift  height  for 
an  ACV,  as  a  rule,  has  a  maximum  meaning  when  0=0  and  is  decreased  with 
the  increase  of  list  angle.  Deviation  from  this  ratio  will  occur  only 
when  there  is  a  small  relative  load  with  G  ^  IS  and  a  meaning  of  0  in 
the  surrounding  area.  Because  of  the  materials  for  the  test  model's  lift 
system  (shown  in  Figure  71),  Figure  72  was  constructed  to  illustrate  this 
relationship.  The  quantity  of  air  expenditure  obtained  is  used  throughout 
various  parts  of  the  skirted  air  cushion  for  determination  of  reactive 
horizontal  force  Pg  according  to  formula  (114),  as  a  projection  of  the 

vector  quantity  of  the  movement  of  the  stream,  flowing  from  the  ayea  of 
increased  pressure  at  axis  Oz 


M|^,  if  the  relation- 
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(114) 


P6  =  nPo2p  f  j  Vjdydkt, 


where  h^  equals  the  clearance  between  the  screen  and  the  skirted  air 

cushion.  Thus  are  the  components  of  the  restored  moment  found  which, 
according  to  equation  (M3),  equal 

M» =  2 Pni5*2.  +  pb  (^m-f  y6)  cos 8—GyQ sin  0.  '  (115) 


Figure  71  •  Sketch  of  a  Model  Lift  System  for  a  Class  A  ACV. 

1,  Hull  of  model;  2,  Fan;  3,  Gauge  for  pressure  in  receiver;  , 
4,  Steering  lever;  5,  Pressure  gauge;  6,  Gauge  for  pressure  in 
in  air  cushion  sections;  7*  Discharge;  8,  Gauge  for  air  ex¬ 
penditure;  9,  Lift  and  list  scale;  10,  List-ballast;  11, 
Sectioned  flexible  skirt;  12,  Partition  in  receiver;  13,  F 1 ap ; 
14,  Flexible  ski rt ;  15,  Screen-tank. 
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Figure  72.  The  Relationship  of  a  Class  A  ACV's 
Lift  Height  to  Its  List  Angle.  1,  Divided 
receiver,  above  a  screen;  2,  Non-divided  re¬ 
ceiver,  above  a  screen;  3,  Divided  receiver, 
above  water;  A,  Non-divided  receiver,  above  water. 


The  calculation  is  complete  with  the  determination  of  the  transverse 
initial  metacentric  height  according  to  the  formula 


TO*3 


ao- 


»-0. 

vTS  ' 


(116) 


For  comparing  the  primary  stability  of  various  ACVs,  it  is  convenient 


to  express  the  amount  m^  in  non-dimensional  form 


_  mx 


m*  B, 


(117) 


where  Bn  ecjuals  the  width  of  the  air  cushion. 


A  similar  calculation  may  be  performed  by  determining  the  relationship 
of  the  longitudinal  restored  moment  to  the  angle  of  trim  difference  'ifi  and 
the  longitudinal  primary  metacentric  height  m£.  In  such  a  case,  the 

following  designations  are  used: 


M*  =  2PnlStxl  +  Kp  (ym .+  &j>)  C0S  'l'  ~  *'n  t> 

.v  :. 

~  ~ — T“-«yrnr •  - 

'  *  ^  ^  ei"  ’  .* 


(120) 


where  •=  absciss  center  of  gravity  of  the  area  i  in  the  air  cushion; 

Ln  =  length  of  the  air  cushion;  and 
Pnp>  ynp  =  longitudinal  reactive  force  and  its  coordinates. 

Let  us  observe  in  somewhat  more  detail  the  relationship  Pnp0J0.  Since 

reactive  forces  are  functions  of  the  amount  of  movement  of  air  streams, 
i.e.,.the  flow  created  in  the  ACV's  lift  system,  their  amount  may  exceed 
some  meanings  set  by  expenditure  Q  and  pressure  in  the  receiver  p^.  The 

upper  limits  of  Pg  and  Pnp  may  be  determined  by  the  following  expression 
(in  conditions  where  the  total  air  flow  is  directed  to  one  side) : 


.  g  ^  o  7  y  ■  *?  y  P s„ 


Using  the  value  Q,  set'  forth  earlier,  we  -get  the  value  for  Pg: 


Calculations  and  experiments  show  that  Pg  attains  its  maximum  significance 
with  a  list  angle  of  2C  <  0  <  8°,  and  then  is  reduced  according  to  the 
ease  in  list  angle. 


Because  of  the  smallness,  of  Pg,  its  effect  on  the  recovery  moment 

can  only  be  roughly  approximated.  During  tests  of  ACVs  or  models,  they 
are  usually  secured  with  flexible  couplings  located  at  the  level  of  the 
center  of  gravity  of  the  vessel.  Therefore,  we  may  assume  that  y  =  y^. 
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The  magnitude  of  y^  is  approximated  as  follows: 

A,— Q,5B  sin8  — ftr  Ocos8 

•  .  - i - 1 - 7*  U23) 

In  such  an  approach,  obviously,  deformations  of  the  flexible  skirts, 
caused  by  pressure  changes  in  the  air  cushion  sections,  are  not  taken 
into  account. 

The  results  of  calculations  carried  out  by  the  above-examined  method 
agree  satisfactorily  with  the  experimental  data  in  the  case  when  the 
skirts  are  not  deformed  during  listing  of  the  vessel.  If  the  skirts 
have  a  high  capacity  for  deformations,  a  special  method  should  be  used, 
whereby  the  values  can  be  refined  and  the  calculations  simplified. 

The  part  of  the  flexible  enclosure  that  comes  into  contact  with  the 
bearing  surface  is  assumed  to  have  infinite  flexibility,  and  the  part 
that  does  not  come  into  contact  is  assumed  to  be  rigid.  We  will  consider 
the  position  of  an  ACV  in  which  these  features  are  most  completely 
realized,  i.e.,  we  will  determine  the  maximum  low  angle  at  which  the 
rigid  hull  of  the  ACV  does  not  come  into  contact  with  the  screen: 

ep.«^  arctan  (124) 

-  r  Dq  . 

«  •, 

Here  the  flow  of  air  through  one  section  of  the  air  cushion  is  terminated 
and  the  pressure  within  it  becomes  p  .  Proceeding  from  the  flow  design 

«  .  r  * 

in  the  lift  system,  we  can  determine  the  pressures  in  the  other  air 
cushion  sections  that  satisfy  equation  (111) .  Otherwise  the  calculation 
is  carried  out  by  the  above-described  procedure. 

Calculations  done  by  equations  (111)- (115),  (117)  with  consideration 
of  estimate  (122),  expression  (123)  and  condition  (124)  for  the  ACV  models 
whose  diagram  is  illustrated  in  Figure  71,  for  G  =  24.6  and  =  y^/ 

=  0.272  yielded  the  value  m®  =  2.57.  The  experimental  value  was 

-0 

mx  =  2.48  (see  Figure  75). 

Calculations  for  .other  ACVs  and  models  with  asymmetric  shape  with 
respect  to  the  midframe,  "to  oval",  revealed  a  certain  discrepancy  between 
the  results  and  experimental  data.  Tne  calculated  values  of  m^  are  10- ^5% 

higher  than  the  experimental,  and  therefore  it  is  advisable  to  introduce 
the  correction  factor  kQ  =  0.90-0.85  into  equation  (117).  The  final  ex¬ 
pression  for  calculation  of  in®  is 


(125) 


2  Pmsizi  +  °.°SG  (ya  +  y6)  -  °ya  sin  ®-  - 
mx~th  7^1  : - : — - 


For  the  purpose  of  clarifying  the  problem  we  will  assume  that  the 
lift  system  of  some  hypothetical  ACV  consists  of  an  even  number  of 
partitioned  sections,  located  on  the  side  (Figure  73).  The  hull  of  the 
ACV  is  assumed  to  be  connected  to  these  sections  by  ball  joints  located 
on  the  same  vertical  as  the  CG  of  each  section,  which  as  the  hull  of 
the  ACV»lists  causes  vertical  displacement  of  the  separate  sections  of 
the  lift  system.  Examination  of  such  a  conditional  model  (nearly  cor¬ 
responding  to  one  of  the|  ACVs  built  by  the  French  firm  Berten)  yields, 
the  following  advantages  for  theoretical  analysis  of  the  static  stability 
of  an  ACT: 

a)  There  is  no  lateral  reaction  due  to  the  asymmetric  air  flow  during 
listing  of  this  model; 

b)  The  expressions  derived  in  the  preceding  section  can  be  used  for 
analyzing  ACV  stability; 

c)  The  type  of  air  cushion  skirt  and  the  characteristics  of  the  fan 
may  be  arbitrary. 

The  model  has  one  disadvantage:  the  numerical  results  obtained  during 
its  analysis  pertain  only  to  a  completely  sectional  lifting  system.  This 
disadvantage  can,  in  principle,  be  eliminated  by  introducing  some  coef¬ 
ficient  or  function  that  takes  into  account  the  actual  means  of  sectioning 
of  the  lift  system. 

If  we  disregard  the  aerodynamic  coupling  between  the  sections  of  the 
conditional  model,  caused  by  the  interaction  of  colliding  jets  from  the 
adjacent  sections,  we  can  write  the  equations  of  equilibrium  of  the  system 

for  list  0 


21  PjSj  ~  Q  » 0; 

2  Mx  =  P.S.2,  +  P3S2Z.2  -  Gy0sih 0  -  A1kr  =  0.  . 


(126) 

(127) 


The  list  angle  of  the  system  is  determined  according  to  the  vertical 
displacements  of  the  section  , 


tan  ;0ss6 


y%—y\  _  dy 
T  *w ' 


(128) 


-151- 


(129) 


The  recovery  moment  of  the  system  is 

■  Af,  =  dpS^iA — Gy a.sin  6, 


where  9p  =  p1  =  p2- 
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Figure  73.  Conventionally  Designed  Model  ACV 
With  an  Entirely  Separate  Lift  System. 


The  initial  metacentric  height  is 

-  ,  Mt  23pSli24  J/0?ine*w  •  ; 

OBtfi  ■  dyGB„  ’  OyBa  . 

or  considering  that  dpldy  *=*  yK„  and  .2S^2  =»  Sn,  we  obtain 


•ml 


fSn*l.2  yorl,Ssln0 


OB  „ 


tyB  n 


for  small  list  angles  z^tin  vldyza  1.. 


(130) 
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(131) 


Denoting  y£  =  y6/Bn, 


we  obtain,  finally 


-2 

tf  l  “n  >4 

“y  q  ■  d  ”o 


m*  =  K..-—r-  •  -jp- 

aa 


The  first  term  in  equation  (131),  corresponds  to  "stability  of  form" 
and  the  second  to  "stability  of  mass,"  which  are  known  in’ the  statics 
of  the  vessel;  The  expression  obtained. 


(132) 


makes  it  possible  to  analyze  the  influence  of  both  structural  and 
operational  factors  on  initial  ACV  stability. 

Q 

The  dependences  of  m°  +  y*,  on  G,  computed  for  those- versions  of  the 

fans  and  flexible  skirts  examined  in  the  preceding  section,  are  depicted 
in  Figure  74.  It  is  obvious  from  the  graph  that  maximum  stability  is 
achieved,  other  conditions  remaining  equal,  with  the  chamber  version  of 
air  flow  from  the  high  pressure  region  and  with  a  "steep"  fan  character- 

istic.  Other  combinations  give- smaller  values  of  m°  +  y^,  and  as  G 

increases  the  stability  of  the  chamber  version  drops  somewhat  and  that 
of  the  nozzle  version  increases. 


Figure  74.  Initial  Stability  of 
Conditional  Model  as  Function  of 
Type  of  Fan  (Nos.  1  and  2),  Version 
of  Air  Flow  and  Relative  Weight  of 
the  Vehicle  While  Hovering  Over 
Screen,  l,  No.  1,  chamber  version 
(theoretical) ;  2,  No.  2,  chamber 
version  (theoretical);  3,  No.  1, 
chamber  version  (experimental); 

4,  No.  1,  nozzle  version  (theoretical); 

5,  No.  2,  nozzle  version  (theoretical). 
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The  appropriate  corrections,  which  to  some  degree  lower  the  values 
obtained,  should  obviously  be  introduced  to  these  results,  depending  on 
the  '-’rigidity"  of  the  flexible  skirts. 

Furthermore,  in  converting  to  real  lift  systems,  a  number  of  cor¬ 
rections  must  be  introduced,  depending  on  the  actual  form  of  fan  char¬ 
acteristics,  design  and  degree  of  partitioning  of  the  receiver,  inter¬ 
action  of  the  air  cushion  sections,  etc.,  which  means  that  experiments 
-must  be  undertaken  in  order  to  obtain  design  data.  The  first  laboratory 
experiments  were  conducted  on  circular  and  rectangular  models  with  non- 
-partitioned  receivers  and  different  air  cushion ’skirts.  After  discover¬ 
ing  the  instability  of  ACV  models  freely  hovering  on  an  air  cushion  with 
respect  to  list,  .the  researchers  began  to  use  various  methods  of  sectioning 
the  air  cushion. 

In.  the  early  stages  of  ACV  development  high  air  flow  rates  were  used, 
which  led  to  a  relatively  high  elevation  without  the  use  of  flexible  air 
cushion  skirts  and  also  to  considerable  lateral  forces  during  ACV  listing. 
Some  lack  of  of  definition  in  the  localization  of  these  lateral  forces 
forced  the  researchers  to  assume  that  the  problems  of  ACV  stability  do 
not  yield  to  simulated  physical  testing. 

Further  ACV  development  led  to  design  improvements  and'  to  improvements 
in  their  economic  characteristics.  The  relative  flow  rate  was  decreased 
to  Q<  0.03,  and  therefore  the  importance  of  the  moment  contributed  by  the 
lateral  force  in  the  formation  of  the  recovery  moment  was  sharply  reduced, 
and  even  the  approximation  of  this  value  yielded  good  results  during 
analysis  of  experimental  data.  Moreover,  during  the  first  tests  a  system 
of  characteristic  paces  of  ACV  operation,  i.e.,  those  modes  for  which  it 
is  essential  to  determine  the  stability  characteristics,  was  developed. 

Tests  of  the  systematized  model  described  below  (Figures  71  and  96) 
in  the  mode  of  hovering  over  a  scireen  verified  the  qualitative  dependences 
obtained  above.  Graphs  of  m®  as  a  function  of  model  way  G  are.  illustrated 

in  Figure  75.  Although  comparison  of  these  results  in  terms  of  fan  char¬ 
acteristics  should  be  made  between  the  experimental  curve  and  the  top 
theoretical  graph,  the  effect  of  final  "rigidity"  of  the  flexible  skirts 
and  of  interaction  of  the  air  cushion  sections  led  to  a  substantial  re¬ 
duction  of  the  initial  stability  of  the  model  and  made  the  results  of  the 
experiment  and  calculation  carried  out  for  the  conditional  model  with  a 
comparable  "hollow"  fan  characteristic. 
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_  0 

Figure  75.  Transverse  Metacentric  Height  as  a  Function  of 

Relative  Mass  of-Model  of  Lift  System  for  ACV_.  1.  Sectional 

receiver:,  throat  area  of  rigid  nozzles  f  =  f  /S„  =  0.069; 

_  c  c  n 

2,  Sectional  receiver,  f  =  0.051  and  0.038;  3,  Non-sectional 
receiver,  f  =  0.069;  4,  Non-sectional  receiver,  f  =  0.051; 

C  0 

5,  Non-sectional  receiver,  f  =  0:038. 

c 


Class  A.  Hovering  Over  Water 

Deformations  of  the  water  surface  have  a  double-edged  effect  on  ACV 
stability  characteristics: 

The  pliability  of  the  bearing  surface  decreases  stability,  other 
conditions  being  equal; 

The  interaction  of  the  water  surface  with 'the  air  jets  and  mechanical 
enclosures  of  the  air  cushion  and  its  sections  causes  redistribution  of 
pressures  among  the  sections  compared  to  pressures  in  the  mode  of  hovering 
over  a  screen. 

The  equations  of  equilibrium  in  the  given  case  are, formally  simplified 

somewhat  because  the  effect  of  horizontal  reactive  forces  P,,  and  P 

■  o  np 

practically  vanishes.  In  fact,  full  scale  ACVs  are  tested  for  stability 
in  the  mode  of  hovering  over  water  in  the  free  state,  and  therefore  the 
resistance  to  lateral  drift,  which  during  slow  movement  of  the  ACV  along 
axis  OZq  is  of  a  hydrodynamic  character,  can  be  assumed  to  be  applied 

practically  on  the  same  level' as'  the  lateral  force,  Consequently,  « 

«  0  and  the  equations  of  equilibrium  acquire  the  form 
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(133) 

(134) 


2^=SPniSi.-G  =  0; 

2  Mx =  Mm  +  MxO  -  Mxp  =  °» 

where  Mxn  and  M  ^  are  calculated  with  the  same  expressions  as  for  the 
solution  of  the  system  (111) -(113). 

Determination  of  pn^(0)  in  the  examined  case  involves  great  difficulties, 

since  pressure  p^  is  affected  by  deformations  of  the  water  surface,  which 

are  themselves  functions  of  pressures  pn^.  As  an  example  of  a  calculation 

model  we  will  examine  an  approximate  method  of  determining  the  initial 
stability  of  a  Class  A  ACV,  equipped  with  flexible  nozzles,  (Figure  76). 

We  will  make  the  following  assumptions: 

The  flexible  skirt  in  tilted  positions  retains  the  shape  it  acquired 
during  hovering  without  list; 

Change  in  air  pressure  in  the  side  section  of  the  air  cushion  is 
basically  the  result  6f  change  in  hydrostatic  pressure  on  the  jet  skirt 
of  the  outboard  nozzle; 

An  increase  in  hydrostatic  pressure  on  the  jet  skirt  of  the  descending 
side  is  equivalent  to  a  reduction  of  the  height  of  this  jet  skirt  by  the 
magnitude  of  the  column  of  water  corresponding  to  the  increment  of  the  s 
depth  of  submersion  of  the  skirt  during  list,  i.e.,  by  the  magnitude  0.5  Bn0. 

For  simplicity  we  will  assume  that  the  pressure  prior  to  the  flow  of  air 

into  all  the  flexible  nozzles  is  p  =  const. 

P 

Denoting  the  pressure  coefficient  in  the  outboard  section  of  the 
descending  side  p^Q,  and  in  the  section  of  the  rising  side  p30,  we  obtain 


I 


l 


Cx, 


Cx, 


5-l 


(135) 

(136) 


where  x*  and  x*  are  computed  by  equation  (82) . 
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Figure  76.  Calculation  Model  of  Ai r  Jfet  During 
Hovering  of  ACV  With  Flexible  Nozzles  Over  Water. 


1 

Tests  of  ACV  models  indicate  that  elevation  h*  is  less  than  lelevation 
h*  in  the  mode  of  hovering  without'  list,  and  that  it  is  a  function  of 


weight  G,  flow  rage  Q  and  method  of  sectioning  of  the  lift  system.  Change 
of  this  value  as  a  function  of  the  list  angle  0  is  illustrated  in  Figure 
72.  Considering  the  above-expressions  for  determining  theilift  created 
by  the  outboard  sections  of  the  air  cushion,  we  can  use  the  equations 


n-PpSo-f1-; 

Pit 

y3=PPsnJ-. 

'  Ps» 


'  (137) 
(138) 


The  recovery  moment  created  by  the  air  cushion  can  be  represented  as 
fpllows: 


Y*  -  = «,  as.  v 


(139) 


>  -  * 
w,  *  *  ” 

■  f  (Pi-Pt)di . 

_0,5in  » 

where  i«n  =  — ; - - -  is  the  completeness  factor  of  the  •  >ressure 

difference  diagram  through  the  length  of  the  air  cushion.  This  coefficient 
falls  within  the  range  [36] 
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In  the  mode  of  hovering  :and  free  drift  of  an  ACV  over  water  the  moment  from 
horizontal  forces  is  negligibly  small,’  and  therefore,  for  determination 
'“0  }  ! 
of  m  _  the  following  equation  can  be  used:. 

Xd  #  ,  -  * 

:  .  -  .  V 

:  ..  -  '  GBf  •  ’  i  (140) 


Deteriaination  of  the  transverse,  initial  met  acentric  altitude  of:  a 
(Class  A  ACV  while  hovering,  over  water  by  the  above-described  method.! 
tby  calculating  the  pressure  distribution  among  the  air  cushion  sections) 
involves  computational  difficulties,  even  in  the  case  of  rather  coarse 
simplifications,  and  therefore(we  will,  examine. a  methdd  by  which  it  is 
i  possible  to  bypass  the  difficulties.  Using  equations  (108) ,  (131)  and 
"  •  ^  “•  0 

(140)  for  determination  of  m  _i  of  a  systematized  ACV  model,  consisting 

*  •  ,  ***  '  I  • 

of  two  independent  lift • sections, i connected  by  a  swivel  beam,  we  obtain 
(Figure  7.3)  ■  ’  * 


*  .  A  *  ,  e 

m*  4-? y  ;:’Jrsa 
-  *.*  ■  Ba  ‘  ■ 


*  (141) 


We  will  find  the  new  value 


“  *  *rr 
ft  --  "k+vo 

n  — *  — # 
•Fx+Va 


and  analyze  ,its  dependence  on  basic  factors 

1  ■  *ft  -  1 

...”  * 
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In  view  of  .equation  (142)  we.  may  conclude1  that  <  1,  and  consequently, 

assuming  other  conditions  *to  be  equal,  the  initial  stability  of  a. Class  A 
ACV  in'the  mode  of  .hovering  over  Water  is  less  than  in  the  mode  of  hovering 
oyer  a  screen,  1  . 


■  ( 


i 


,1 


The  values  of  are  calculated  for  two  types  of  H(Q)  characteristics 

two  versions  of  air  flow- -chamber  and  nozzle — and  range  of  values  of 
relative  ACV  mass  15  < I  G  <  20,  which  corresponds,  to  the  range  of  of 
contemporary  ACV. 

The  results  of  the  calculations  are  presented  in'  Figure  1T_.  The 
graphs  of  the  dependence  k^fG)  show  the  following.  First,  as  G  increases 

decreases:,  secondly,  the  nozzle  version  of  air  flow  .retains  the  initial 

stability  over  water  closer  to  its  value  over  the  screen  than. is  possible 

-0 

with  the  chamber  version,,  although  due  to  the  smaller  value  of  m  in  the 

_u  _  -X 

nozzle  version  the  absolute  value  of  m  R  for  G  ~  30  only,  approximates 
—  0 

ra „  of  the  chamber  version. 


Figure  77,  Relationship  of  the  Coefficient  k  to 

m 

the  Type  of  Fan,  Variant  of  Air  Flow,  aid  Relative 
Weight  of  a  Class  A  ACV.  0,A  ,  Fan  No.  Fan 

No.  2;  0,  •,  Chamber  variant;  A»  A  ,  Jet  variant. 


The  experimental  curve  plotted  in  Figure  77  confirms  the  character 
of  the  function  km(G),  obtained  through  calculation  and  is  quantitatively 

close  to  the  theoretical  values  obtained  from  analysis  of  the  chamber 
version  with  fan  No.  1,  although  even  in  this  case  the  effect  of  the_ 
natural  rigidity  of  the  flexible  inclosures  apparently  increases  as  G 
increases,  and  this  results  in  quantitative  discrepancies. 


The  analyzed  ^results  can  be  used  for  approximating  the  of  an  ACV  in 

various  design  stages.  Considering  that  the  theoretical  graphs  illustrated 

in  Figure  'll  pertain  to  a  conditional  ACV  model  with  completely  isolated 

lift  chamber  sections,  the  corresponding  correction  factors  must  be 

introduced  to  the  theoretical  value  K  during  calculation  of  the  k  of 

y  m 

a  real  ACV.  In  vi',w  of  the  lack  of  experimental  data,  we  recommend  at 
this  time  the  following  corrections  to  K  in  the  form  of  the  sum  of  co¬ 
efficients  xp  +  Xn: 

Xp  =  0.5  for  total  isolation  of  receiver  sections  from  each  other; 

Xp  =  0  for  a  common  receiver; 


Xn  =  0  for  an  integral  air  cushion; 


Xn  =  0.5  for  partitioning  of  the  air  cushion  by  means  of  flexible 

nozzles  that  extend  to  the  peripheral  flexible  enclosure  with  nozzle  exits 
at  the  level  of  the  edges  of  this  enclosure. 


Then  the  final  form  of  the  equation  (142)  becomes:. 


|  . 

("/.?  +  Xn)  Ky  +  1 


(143) 


Class  A.  Travel  Over  Water 

The  stability  of '  an  ACV-,  both  while  hovering  over  water  and  in  the 
traveling  mode,  depends  largely  on  the  character  of  interaction  of  high 
pressure  region  with  the  water  surface.  If  the  elastic  properties  of  the 
air  cushion  in  the  absence  of  contacts  between  the  flexible  enclosure  and 
the  water  is  practically  independent  of  speed,  deformations  of  the  water 
vary  notably  as  a  function  of  the  speed  of  the  ACV.  In  the  case  of  contact 
between  the  flexible  enclosure  of  the  air  cushion  and  the  water  surface 
there  are  additional  hydrodynamic  forces  that  influence  ACV  stability. 

Experimental  studies  of  the  change  of  initial  stability  of  Class  A 
ACVs  as  a  function  of  the  speed  indicated  first  of  all  that  the  ACV  has 
minimal  transve're  and  longitudinal  stability  while  hovering  over  water, 
and  second,  that  the  initial  stability  increases  monotonically  as  the 
speed  of  the  ACV  increases.  Therefore,  it  is  natural  to  suppose  that  when 
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some  speed  is  reached,  when  deformations  of  the  water  surface  practically 
disappear,,  the  Stability  of  "the  ACV  approaches  the  value  that  it  has  in 
the  travel  mode  or  while  Hovering  over  a  screen.  Hence,  the  following 
conclusions  can  be  made: 


1.  The  initial  static  stability  of  Class  A  ACVs  should  be 
characterized  by  the  following  set  of  values: 

*  *  0’ 
initial  transverse  metacentric  altitude  corresponding  to 

hovering  of  the  ACV  over  water; 

*  •  0 

initial  transverse  metacentric  altitude  mx  corresponding  to 

hovering  of  the  ACV  over  screen; 

initial  transverse  metacentric  altitude  mxy  corresponding  to 
travel  of, the  ACV  oyer  water  at  velocity  V. 

0 

The  value  of  m  can  be  determined  approximately* by  calculation,  and 
0  * 

then  m _  =  It  *m  can  be  determined  using  equation  (143)  or  on  the  basis 

ivD  m  x 

of  the  experimental  characteristics  of  a  similar  prototype.  The  last  step 

0 

is  the  determination  , of  the  dependence  of  mxV  on  V.  The  following 
» 

empirical  formula  is  presently  used  for  this  purpose: 


'  ?:.)-K-<>:cos  wj' 

•**  v  ,  <  '  *'  ^  ,  '  *»X  ‘  «y*  •  *  *  ,  *  ,• 


(144) 


Fr 


kp 


depends  on  k  ,  but  tests  of  ACV  models  indicate,  on  the  average, 

m  ’  kn 

that  with  some  reservation  it  may  be  assumed  that  Fr  y  =  4-5. 


The  static  stability  ofia  Class,  A  ACV  at  finite  list  angles  while  hovering 
over  water  is  calculated  in  like  manner  as  the  stability  of  a  floating 
vessel,  but  with  corrections  that  take  into  account  the  effect  of  the 
working  lift  system.  These  corrections  have  different  significance  in 
different  ranges  of  list  angles  of  ACVs.. 

Calculations  have  shown  that  most  complex  is  the  introduction  of 
corrections  in  the  range  of  list  angles  from  approximately  5-15°,  when 
it  is  essential  to  consider  both  the  forces  and  the  moments  created  by 
the  air  cushion,  and  the  lift  in  corresponding  moments,  produced  by  the 
forcing  out  of  water  from  the  receiver  as  it  passes  through  the  actual 
water  line. 
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It  is  not  necessary  to  consider  the  effect  of'  the  air  cushion  in  the 
range  of  list  angles  of  15°  <  0  <  25° ,  but  when  the  receiver  is  located 

around  the  periphery  of  the  vessel's  hull  and  has  a  substantial  volume 

it  is  essential  to  consider  the  forcing  of  water  from  it  by  pressure  Pp. 

The  calculation  is  carried  out  to  the  angle  of  flooding  of  penetrable 
hatches  or  air  intakes..  If  the  flooding  angle  is  not  yet  reached  for 
0  >  25°  further  calculation  is  carried  out  by  the  usual  method,  taking 
into  account  the  flooding  of  the  penetrable  parts  of  the  hull. 

Class  B.  Hovering  Over  Water 

By  way  of  example  we  will  examine  the  calculation  of  the  diagram  of 
transverse  stability  of  an  ACV  of  the  catamaran  type.  We  will  assume  one 

hull  to  be  submerged  in  water  and  the  escape  of  air  to  be  blocked  on  one 

side.  The  recovery  moments  produced  by  partial  vacuum  on  the  lower  side 
is  neglected  because  of  its  smallness.  The  bottom  edges  of  all  enclosures 
of  the  air  cushion  (side  hulls,  bow  and  stern)  are  assumed  to  be  located 
on  the  primary  plane  of  the  vessel  XO^Z  (see  Figure  78). 


'  f 


Figure  78.  Diagram  of  Forces  Acting  on  Class  B  ACV 
During  List. 

Consequently  the  recovery  moment  is  assumed  to  be  produced  basically 
by  the  force  of  buoyancy  pf  the  hull  immersed  in  water.  Here,  as  the 
list  angle  changes,  the  distribution  of  lift  between  the  aerodynamic 
and  hydrostatic  components  is  altered,  which  in  turn  influences  the  landing 
of  the  ACV  (h_,  6). 

D 
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The  equations  of  equilibrium  of  ACVs  are: 

(145) 

(146) 

(147) 

The  equations  are  based  on  the  following  assumptions: 

1.  Distribution  of  the  under- dome  pressure  along  the  area  of  the 
cushion  was  obtained  for  all  meanings  of  0  evenly 

P*  =  4*  i  P  (*’  z>  8)  *  =  fP  (0)-  (148) 

.  ,  .""n  * 


%Z  =  Pt-Zn=W''  VO’ 

.  ‘t  +  1VJ* 


2.  Abatement  of  the  water-level  by  the  under-dome  pressure,  the 
influence  of  spray  and  wave  formation,  and  the  increased  flow  of  air  are 
insignificant  in  calculating  forces  and  moments.  As  a  matter  of  fact,  the 
greatest  relative  error  in  this  assumption  shows  very  little  list  angle 
(up  to  10-12°)  when  the  forces  and  moments  are  small,  but  with  an  increase 
in  list  the  under-dome  pressure  falls  sharply  (Figure  79),  decreasing  the 
influence  of  the  enumerated  factors  of  the  calculated  amounts.  It  is 
possible  to  estimate  the  influence  of  non- calculated  drops  in  the  water- 

-level  under  the  action  of  p  on  the  amount  of  hydrostatic  force  yU. 

"P  * 

according  to  the  formula  (see  Figure  80): 


PlLn 

2 ' 


(149) 


To  examine  the  example  below,  the  following  relationship  of  error  in  the 
-  3  2 

amount  yU^  =  YUk/Sn  pg-to  the  ACV's  list  angle  (Table  4)  was  received. 

3.  Trim  difference  is  considered  constant  and  equal  to  zero  for  all 
angles  of  list.  Calculation  of  initial  trim  difference  may  result  in 
considerable  corrections  to  the  calculated  amounts.  Calculation  of  free 
trim  difference  for  an  asymmetrical,  relatively  plane,  mid- frame  type 
hull  is  carried  out  by  methods  of  ship  statics  [44], 
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Figure- 79'.  Relationship  of  Side  Force  and  Under- 
-Dome  Pressure  of  a  Class  B  ACV  to  List  Angle. 


4.  The  perimeter  of  air 
flow  from  the  under-dome  area  is 
equal  to  Ln  *  The  plausi¬ 
bility  of  this  assumption  is 
conf;  iU’.ad  by  the  insigni  xcant 
hfi  received  in  the  cal¬ 
culation  and  the  small  amount  of 
influence  of  the  ait  flow  in  the 
uow  and  stem  on  the  estimated 
forces  and  moments. 


Figure  80.  Diagram  for  Calculating 
Errors  to  Determine  the  Restored 
Hydrostatic  Moment.  Pr/CT  =  hydro¬ 
static  moment. 


5.  The  number  of  rpms  of 
the  fan  does  not  change  in  re¬ 
lation  to  the  list  angle,  which 
corresponds  in  operation  of  the 
ACV  and  makes  it  possible  to  use 
this  in  calculating  the  similar 
relationship  H(Q) . 


6.  The  amount  of  under-dome  space  is  great  enough  to  compute  the 
air  speed  in  it  to  almost  zero. 


7.  The  ACVs  speed  of  drift  in  reaction  to  the  air,  asymmetrical 
.  in  escaping  from  the  under-dome  space,  is  very  small. 
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TABLE  k.  RELATIONSHIP  OF  ERROR  IN  CALCULATING  DISPLACEMENT  OF 
A  BOAT  TO  LIST  ANGLE  OF  AN  AC V. 


List  angle  Relative 
6°  error,  %, 

6(yuk) 


Relative 
hydrostatic 
1  i  ft/  force 


Absolute  error 
for  yUk 

ihU*huK  F 

103 


j _ l _ i 


-5 

1 

0,52 

10 

|  R 

■ 

0,18 

15  ■ 

0,04. 

0 

■RmB 

1 

0 

Note:  Commas  indicate  decimal  points. 


8.  Forces  of  resistance  to  drift  are  hydrodynamic  in  nature  and 
are  used  in  half  droughts  by  the  hull  penetrating  the  water. 

9.  The  coefficient  of  the  narrowing  stream,  with  the  air  flowing 
from  the  under-dome  space  into  the  atmosphere  is  equal  to  the  unit,  cor¬ 
rected  by  rounding  off  the  hull's  frame! 

Calculation  is  made  in  the  following  sequence: 

Determination  of  the  components  of  lift  forces  accprding  to 
equation  (146)  and  calculation  of  the  fan's  characteristic  H(Q)  according 
to  the  given  list  angle  6. 

1)  Computation  of  the  relationship  is 


As  a  result,  we  get  a  set  of  curves  similar  to  that  set  forth  in 
Figure  81,  where  0  =  the  parameter. 


2)  Computation  of  the  relationship  hg-  ~  is  performed 

according  to  the  equation  for  continuity  and'  makes  it  possible  to 
calculate  the  linearization  of  the  fan’s  characteristic 


The  calculated  formula  is 


(150) 


(151) 


Also  as  a  result  is  the  set  of  curves  hg  =  ^(Pp)  where  6  equals 
the  parameter. 

3)  The  structure  of  the  graph's  function  is  hg  -  f^ (pR)  where  0 
is  the  parameter. 


4)  Determination  of  the  balanced  state  is  in  accordance  with  the 
equation  (146),  i.e.,  where  Y  =  G  for  each  value  of  0,  The  values  hfi 

and  p  in  relation  to  0  are  determined  with  this. 

Determination  of  the  relationship  M0  =  fM(0)  is  according  to  the 
formula 


(152) 


As  shown  by  practical  calculation  and  comparison  with  results  of 
experiments  and  with  the  influence  of  side  forces  and  moments  created 
by  them,  it  may  be  disregarded  if  the  relative  expenditure  is  Q  <  0.05. 

The  results,  calculated  according  to  the  data  and  compared  with  the 
results  of  actually  testing  two  ACVs,  are  shown  in  Figures  82  and  83. 


Figure  81.  Hydrostatic  Lifting 
Force  on  Hull  Entering  Water  Versus 
Altitude  of  ACV  and  Angle  of  List. 
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Figure  82.  Diagram  of  Static  Stability  of  a  Class  B 
ACV  (Type  l). 


A  comparison  of  the  estimate’d  and  experimental  graphs  in  Figure  82 
shows  the  following: 

a)  the  calculated  relationships  of  Ma  =  MQ/GB  .  computed  with  the 

*  o  on 

estimated  moment,  the  created  side  forces,  and  without  estimation  of  this 
moment  are  practically  coincidental; 

h)  the  greatest  deviations  of  the  estimated  and  experimental  values 
are  in  the  range  of  7°  <  0  <  15°  which,  apparently  is  produced  by  some 
conventional  calculation. 

Shown  in  Figure  83  are  the  results  of  estimated  and  actual  tests  of 
the  "Neva"  ACV,  made  both  during  suspension  of  air  cushion,  and  during 
navigation  of  the  craft  where  0=0. 


Figure  83.  Diagram  of  Static  Stability  of  a  Class  B  ACV 

(Type  ll).  1,  Computation  m  D  =  2.64  (afloat,  Q  =  0) ; 

-  xb 

2,  Experiment  mxg  =  2.06  (afloat,  Q.  =  0) ;  3,  Computation 

(afloat,  Q  =  0) ;  4,  Computation  M„  of  the  air  cushion 

,-2,  - 8 


(Q  =  3-2* 10  z) ;  5,  Experiment  m8.  =  0.i(6  (of  the  air  cushion, 
Q  =  3,2* 10-2) . 


It  is  clear  from  the  graph  that  lift  of  a  moving  ACV  leads  to  a 
sharp  decrease  of  initial  stability  of  the  craft  and  a  decrease  in  area 
of  designed  static  stability.  The  decrease  MQ  disappears  when  0  >  20°, 

i.e.,  with  those  list  angles  when  the  lift  force  begins  to  be  completely 
provided  by  a  good  deal  of  the  hull  being  immersed  in  the  water,  Verifi¬ 
cation  of  the  calculated  corrections  of  designed  static  stability,  carried 
out  by  various  methods,  may  serve  well  for  convergence  of  their  results 
where  0  >  20°.  Conditions  of  the  experiment  did  not  permit  large 
enough  list  angles  to  be  obtained,  therefore,  a  comparison  of  the  estimated 
and  experimental  data  is  only  made  for  small  angles.  This  comparison  shows 
that  calculated  initial  stability  of  the  craft  during  suspension  is  close 
to  the  test  examples,  with  the  same  errors  as  during  navigation  (Q  =  0) . 

§16.  Features  of  the  Experimental  Investigation  of  Statics  and  Some 
Results  of  Test  Operation  of  an  ACV 

Currently,  it  is  possible  to  use  the  following  set  method  for 
experimental  determination  of  static  stability  in  ACVs  or  models. 
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Sequence  for  Conducting  the  Experiment 

I 

The  ACV  is  carefully  suspended,  the  center  of  gravity  is  determined, 
and  the  weight  and  center  of  gravity  coordinates  are  adjusted  to  set 
values . 

Then  we  determine: 

a)  the  lift  characteristics — air  expenditure,  pressure  in  the 
receiver,  lift  height  at  various  rpms  of  the.  fan,  during  suspension 
above  a  screen.  With  this  data,  we  begin  to  check  the  lift  system  for 
all  other  tests; 

b)  the  ACV's  stability  characteristics  during  suspension  above  a 
screen.  The  results  of  these  test.-  •;rc  basic  for  evaluation  of  initial 
stability  for  Class  A  ACVs,  since  moast  demerits  during  suspension  above 
a  screen  are  complete  and  reliable, 

c)  the  lift  characteristics  during  the  ACV's  suspension  over  water; 

d)  the  initial  stability  characteristics  during  the  ACV's  suspension 
over  water; 

e)  a  change  in  the  characteristic  of  static  stability  and  lift 
height  during  the  ACV's  straight,  steady  movement  over  calm  water. 

Tests,  shown  in  paragraphs  a)  and  b),  were  made  only  on  Class  A 
ACVs.  These  craft  are  restrained  bv  flexible  braces  from  horizontal 
shift.  The  hawsers  are  secured  so  they  are  not  hindered  by  vertical 
and  angular  (list,  trim)  shift  of  the  ACV~. 

List  (trim)  is  provided  by  means  of  shifting  the  ballast  and 
measurement  of  the  ACV's  incline  angle.  The  most  accurate  results  are 
obtained  when  there  is  an  angle  change  by  balance  of  great  enough  length 
and  by  measurement  of  lift  height  of  the  four  extreme  points  of  the 
ACV's  hull  batten. 

In  the  tests,  shown  in  paragraphs  c,  d,  and  e,  the  ACV  moves  freely 
along  the  water's  surface,  but  a  non-self-propelled  model  is  kept  from 
drifting  by  moorings.  Measurement  of  the  angle  is  carried  out  with  the 
aid  of  balances  and  gyroscopic  instruments. 

Errors  in  measurement  of  angle  by  balance  and  by  batten  usually 
do  not  exceed  0.05-0.1°,  but  by  gyroscopic  means  0.2-0. 5°  where  the 
incline  angle  is  ±  2-8°,  i.e.,  relative  errors  are  in  the  range  of 
±  5-10%. 


The  basic  static  characteristics  of  the  ACV  usually  are  expressed 
in  the  non-dimensional  form: 


h 


VSn-'-r 


_  _PpV 

:  o 

5  AM  ■  ' 

59.L0' 

.ay'  1 

■dti  .fSa  L- 


m\  = 


1 


GBb 

etc. 


A  model  experiment  was  conducted  on  the  CC-2  ACV  [71,  93].  Tests 
of  a  variant  without  flexible-skirted  air  cushion  (CC-2. 001)  were  made 
with  an'  average  weight  of  2.070  kg'  during  suspension  above  a  screen. 

The  craft  was  kept  from  horizontal  shift  by  lines,  in  which  dynamometers 
were  incorporated.  The  lift  characteristics  obtained  depended  on  lift 
height  in  relation  to  the  ACV's  weight  at  various  rpms  of  the  fan  ng 


(Figure  84). 


Figure  84.  Lift  Characteristics 
of  the  CC-2. 001  ACV  During  Suspen¬ 
sion  Over  a  Screen. 


Transverse  stability  was  in¬ 
vestigated  with  h  =  0.239  meters, 

w 

which  permitted  sufficient  list 
angle  up  to  ±5.5°,  and  longitudinal 
with  h  =  0.206  meters,  which  cor¬ 
responded  with  the  trim  angle  up  to 
±2.8°.  During  inclination  the  ACV 
rotated  on  longitudinal  and  transverse 
axes,  lying  on  a  flat  plane,  therefore 
the  change  in  angle  of  incline  had 
practically  no  influence  on  the 
average  lift  height  of  the  ACV. 


In  Figure  85,  diagrams  of 
longitudinal  and  transverse  stability 
of  an  ACV,  received  during  testing, 
are  set  forth  as  well  as  relation¬ 
ships  of  longitudinal  and  transverse  reactive  forces  to  list  angle  and 
trim  difference. 


Working  out  th£  results  showed  that,  due  to  the  relatively  great 
expenditure  of  air  Q  =  8.3r10“2,  there  was  a  higher  amount  of  side  forces 

Pg  =  1.64%  in  degree. of  list.  The  non-dimensional  lift  height  of  the 

CC-2. 001  ACV  consisted  of  h  =  0.04. 

3 
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I 


Figure  85-  Diagrams  of  Static  Stability  and  the  Relationship 
of  the  Horizontal  Reactive  Forces  of  the  CC-2.001  ACV  to  the 
Angle  of  Incline  During  Suspension  Over  a  Screen,  G,  1,1.8: 
a,  Transverse  stability;  b,  Longitudinal  stability;  c, 

Side  force;  d,  Longitudinal  force.  1  i 


In  spite  of  the  presence  of  jet  stability,  the  latter  proved  com¬ 


paratively  low 


m*  =  0,30;  • 
m\  =  0,54. 


This  may  be  explained  by  the  relatively  small  weight  of  the  ACV 


i 


i 


I 


G  =  10.0-12.0, 

i 

which  doesn't  provide  sufficiently  high  coefficient  for  vertical  stability 
of  the  craft 


I 


while1  the  coefficient  for  pressure  ; 

> 

,  i  '  p  =  1.24 

is  sufficiently  high.  This  ACV's  lift  system  was  designed  apparently, 
without  considering  requirements  for  stability  and  therefore  had  a  low 
meaning  for  the  derivative 


■  i 


~  Q.30r  : :  ^  -•  . 

:.dj  1,24.^.!, GO  ■' 


.For  comparison,  we  note  that  the  model  of  another  ACV  with  a-. 
similar  design  of  sectioned  air  cushions  and  a  non-divided  receiver 
had  an  observed  rate  of;G  =  21.2  and  Q  =  (2-3) *10-2  with  derivative 

i  at;*  1  :  1 

i  =={2.22, 

dp  . 

.:  .  j  1  /-*’■ .  -  -,i 

and  in®  =  1.00  with  p  =  1.45. 


The  final  figures  are  considerably  close  to  the  conditions  of  an 

ACV's  normal  operation.  ,  t 

*  .  *  : 

Th?  arrangement  of  the  flexible  skirt  (type  CQ:2.002,  Figure  86) 
on  the  CC-2  ACV  led  to  a  sha^p  decrease  in  longitudinal  initial  .stability 
and,  as  shown  in  the  diagram  for  static  stability,  essentially  changed 
its  form  (Figure  87).  The  longitudinal  non-dimensional  initial  meta- 

•  -ih  ' 

centric  height  was  equal  to  nr  ,=  0.02,  which  led  to  a  high  response  of 

.  »  I  Z  j  » 

trim  in  the’  ACV  from  the  action  of  the  multi-natured  differential  moment 
in  the  range  of  -2°  <  ip  <  2°.  For  the 'extent  of  this  range,  the  ACV  has 
a  sufficiently  high  stability.  1 

i 

’  On  the  basis  of  results  from  testing  stability  in  a  number  of  models 
and  actual-size  ACVs,!it  is  possible  to -get  the  relationship  of  tfie  . 
derivative;  3Xg/3ip  ,(or  3Zg/38)  to  therrelative  ilift  height  of  the  ACV 

h.  =  h/L  or  h„  =  h/B  for  the  longitudinal  and  transverse  stability,  in 
l  n  d  n  * 

that  order  (Figure  88  and  Table  5) .  Also  plotted  in  Figure  88  are  the 
average  limits  with  the  truest  meaning  for  these  derivatives  and  the  mean 
curve  proposed  by  Stenton-Jonea. 


*  i 


i 


i 


h 
1 1 
b 


Figure  86.  Diagram  of  the 
Flexible  Skirts  on  the 
CC-2.002  ACV! 


Figure  87.  Diagram  of  the  Longitudinal 
Static  Stability  of  the  CC-2.002  ACV. 


xt “  W  relative  shift  of  the 
; craft's  center  of 
gravi ty 


In  this  first  class  example,  we  see  the  test  results  of  the  SKMR-1 
(U.S.A.)  ACV  [66,  96].  Testing  began  in  .1963.  In  the  first  series  of 
tests,  the  peripheral  skirt  consisted  of  an  air- jet  curtain.  Using  a 
similar  curtain,  the  cushion  was  sectioned  off  into  four  equidimensional 
parts  (the  jet  was  arranged  in  a  diametric  plane,  in  the  region  of  the 
ship's  mid- frame— Figure. 89 ,  type  BGO) .  To  test  the  second  series  of 
ACVs,  0.6  meter  high  flexible  jets  were  installed-peripheral  and 
sectioned  (Figure  90,  type  GS-0.6). 

In  testing  the  third  series the  height  of  the  flexible  jets  on  the 
ACVs  was  1.2  meters  (type  GS-1.2).  The  sectioned  cushions  were  pro¬ 
vided  by  closed,  massive  skirts  mounted  on  the  sectioned-off  jet  (Figure 
91).  Set  forth  below  are  some  characteristics  of  the  tested  SKMR-1 
ACV  (Table  6). 
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TABLE  5.  DIAGRAMMED  SECTIONS  ADOPTED  FOR  TESTING  NATURAL  ACVS  AND  THEIR 

MODELS. 


rnaorammpH  Conventional 
Diagrammed  designation  Firm 

sections  in  Fig.  88 


ACV  Model 


Type  of 
stability 


Figure  88.  Matching  Diagram  of  the  Relationship  of  the 
Value  3xg/3t()  to  h,  «  h3/Ln  and  3zg/30  to  hg  =  ha/Bn 


According  to  the  Results  of  Testing  the  SRNI  ACV,  the 
CC-2.001  ,  the  CC-2.002,  the  CC-5,  and  Several  Models. 


3xg/3ip  and  3z^/38  are  in  %  of  one  degree  of  incline 

angle.  Conventional  designators  are  set  forth  in.  Table 
5.  1,  Mean  curve  according  to  Stenton-Jones . 


_o.sJL|(r3;  o,5  J-.  ur-aV  " 

l  a?  '  39  "»  ) 


Figure  89.  Layout  of  the  Jet 
Apparatus  of  the  SKMR-1  ACV 


Figure  90.  Layout  of  the  Flexibl 
Jet  of  the  SKMR-1  ACV  (Type  B60). 


TABLE  6.  BASIC  CHARACTERISTICS  OF  THE  SKMR-1  TYPE  ACV 


; 


Characteristic 

Test  Series, 

-• 

1st  (BGO) 

2nd  (GS-0.6) 

3rd-  (GS-1.2) 

Weight  of  the  tested  ACV 

G  =  tons  - 

Air  expenditure  Q.  =  metersVsec 

20.4-26.5  • 

28.4 

27.1-31.8  , 

396.4 

350 

154 

Fan  rpms  Og  =  rpm 

2,580 

2,580 

1,406 

Air  cushion  dimensions: 

Area  Sn  =  meters2 

113 

113  (arbitrary) 

113 

Length  Ln  =  meters 

17.4 

17.4 

17.4 

Width  B  =  meters 
n 

7-25 

7.25  (art.) 

7.25 

Center  of  gravity  increase  y^,  m 

1.55 

1.68 

1.6* 

Lift  height  h  =»  meters 

0.46  ' 

1.0 

1.30 

Relative  weight  G 

15.7-20.4 

21.9 

20.8-24.4 

Relative  expenditure  Q.*  102 

8.2-  7.2 

6.1 

2.8-  2.5 

Relative  lift  height  hg 

0.043 

0.094 

0.123 

Figure  91.  Layout  of  the 
Flexible  Jet  and  the  Inflated 
Sectioned-Off  Keel  of  the 
SKHR-1  ACV  (Type  GS-1.2). 


Diagrams  of  static  stability  in  the  BGO  type  ACV  are  presents  ;n 
Figure  92  and  one  may  clearly  follow  the  influence  on  stability  of  wide 
sectioned. jets  and  the  nature  of  the  base  surface.  After  increasing  the 
width  inside  the  jet  by  2%  B  , -the  stability  of  the  ACV  above  a  screen 
changes  very  little. 
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Fiaure  9’.  Diagrams  of  the  Transverse.  Static 

b  Widths  of  the  sectioned  nozzles. 

BH’ 

Changes  of  stability  in  Soned^tSm^of  air.  bJrtdiiing  suspension 

°f  Stabaiertystnabi5ity°S  increased  with,  the  growth  of  bBH.  This  »ay  be 
over  water,  staoiiicy  ctrpam  of  spray 

eonneoted  with  the  influence  of  the  »ent  created  by  the  strea.  sp 
hitting  against  the  ACVs  bottom. 

Diagrams  of  the  static  stability  noted  in  that  static 

GS-0.6  type  ACV  are  set  forth.f  ®ater  is  considerably  less  than  over 
stability  in  the  BGO  type  craft  a  a  craft's  stability  are  identical, 

a  screen,  but  both  diagrams  a"  Whelming  majority  of  experiments, 

Thi«'Mff,sult,  contradicting  theory  in  eation  0f  powerful  streams  of 

may  exp the  high  air  an^  the  additional  restored  moments 

spray  acting ^nc  n^v 
which  it  causes. 


Ji  i , 
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Figure  93-  Diagrams  of  Transverse  Static  Stability 

of  the  SKMR-1  ACV  (Type  GS-0.6).  - ,  Above  a 

screen;  -  -  -  Over  water. 

Along  with  the  SKMR-1,  the  SK-5  and  VA-3  „'ACVs,  were  tested. 
Comparative  tests  established  that,  for  normal  operation  of  the- ACV, 
the  transverse  metacentric  height  during  suspension  over  water  must  be 

no  less  than  mz°  >  0.35-0.40,  the  longitudinal--iir  g  >  1.00,  and  during 

-  0 

suspension  above  a  screen- -m  >  1.0. 

There  is  a  great  deal  of  interest  in  the  results  of  investigating 
the  possibility  of  regulating  the  ACV's  stability  by  the  French  firm  of 
Bertin  [61].  The  first  type  of  lift  system  built,  consisted  of  even- 
-numbered  annular  flexible  chambers  with  vertical  axes  and  air  fed  into 
each  chamber  individually,  which  corresponds  to  the  conventional  ACV 
model  mentioned  above  (Figure  73) .  In  relation  to  the  method  of  feeding 
the  air,  the  characteristics  of  the  air  pump  and  the  fundamental  rigidity 

of  the  material  of  the  flexible  skirt,  a  value  of  m^  =  4.6-8  was  obtained 

<  which  was  close  to  the  value  that  we  calculated  earlier.  Apparently, 
these  characteristics  were  accepted  as  excessively  high  and  to  lower  the 
stability  in  the  design,  an  annular  panel  was  introduced,  which  encompas¬ 
sed  a  group  of  four  primary  rings  for  a  "combined  skirt"  (Figure  94) . 

In  regaxu  «.o  the  shift  Ah  of  the  lower  edges  of  the  external  rings, 
being  relatively  level,  passing  across  the  lower  edges  of  the  initial- 
(internal)  rings,  the  following  values  were  obtained: 

Aft,  mm  .  .  . .  0  5  10 

nfjc ...........  2,9  1,7  1,0 
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« 


The  tests  were  conducted  in  the  BC-8  model  ACV,  with  a  scale  of  1:5. 
Brought  into  this,  for  comparison,  is  the  characteristic  of  stability 
for  an  ACV  with  peripheral  annular  flexible  jets  and  cross-shaped  panels, 
and  a  sectioned-off  air  cushion  where  m^  =  0.9. 


Figure  9{*..  Combined  Skirt  in  the. 
Form  of  'Combined  Annular 
Flexible  Chambers  of  Various 
Diameters  (Bertin  Firm). 


The  data  produced  from  this 
confirms  the  tendency  of  experimenters 
to  take  the  initial  metacentric  height 

of  in  >  1.0  (above  a  screen),  but,  at 

^  —  0 
the  same  time,  the  value  m^  »  2-3  is 

recognized  as  excessively  high. 

Test  operation  of  a  number  of 
ACVs,  with  flexible  skirts  showed 
that,  with  no  contact  of  the  edges 
of  the  flexible  skirt  with  water, 
the.ACV's  stability  while  moving 
doesn't  undergo  a  sharp  change  (in 
the  range  of  speed  examined.) 


Nevertheless,  it  is  known  that 
in  a  number  of  cases,  when  the 
flexible  skirt  made  contact  with  the 
water  during  movement,  a  peculiar 
phenomenon  occurred  called  "digging 
in"  (plow-in) .  It  occurs  when  the 


stability  of  the  ACV  during  movement 
is  changed  considerably  for  a 
comparativfely  short  time  (just 
several  seconds):  trim  becomes  negative, 
lift  height  is  decreased  considerably,  and  in  a  number  of  cases  there  is 
a  spontaneous  turn  and  significant  list.  This  is  connected  with  the 
drawing  closed  of  parts  of  the  flexible  skirt  inside  the  air  cushion, 
due  to  the  contact  with  the  running  water  and  the  braking  forces  of  the 
contacting  parts. 


The  flexible  skirt,  coming  into  contact  with  the  water,  suffered 
considerable  deformation  and  the  ACV,  braking,  caused  additional  forces 
of  contact.  As  a  result,  there  was  a  destablizing  moment  M  ^  (Figure  95). 


**r.  =  Kt .+  Kv 
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where  =  GSxn  is  the  destabilizing  moment,  causing  a  shift  in  the 
center  of  gravity  of  the  air  cushion  with  a  value  of  6xn  due  to  deformation 
of  the  flexible  skirt; 

M"  j  =  Xrl(yg  +  q  is  destabilizing  moment,  causing  braking  of 
the  ACV  from  the  force  X^. 

"Plow-in"  of  the  ACV  lr'vy 
have  two  effects:  disruption 
of  stability  in  movement,  followed 
by  restoration  of  it;  the  ACV  capsiz¬ 
ing. 

In  spite  of  relatively 
little  testing  in  operating  ACVs 
there  are  well-known  cases  cur¬ 
rently  of  capsizing  because  of 
"plow- in,"  and  in  a  number  of 
instances,  of  craft  just  about 
to  capsize. 

In  the  ^plow-in"  process 
the  ACV  experiences  sharp 
braking,  lift  height  is  consider¬ 
ably  decreased,  and  there  is 
list  and  trim  difference. 

These  phenomena  were  en¬ 
countered  during  testing  of  the 
SRN5  and  SKMR-1  ACVs.'  There  are 
three  known  cases  of  the  SRN5 
capsizing  and  one  for  the  CC-5- 
(England) . 

The  Westland  Firm,  builders  of  the  SRN5,  had  conducted  a  broad  in¬ 
vestigation  of  the  "plow-in"  process,  its  cause  and  its  associated ‘phenomena. 
Model  and'  actual  tests  were  conducted  during  movement  and  an  analysis  made 
of  the  cases  of  capsizing.  The  operation  of  the  separate  elements  of 
the  ACVs  lift  system  during  "plow- in"  took  the  following  form.  In  the 
SRN5,  air  is  drawn  in  by  one  fan  to  a  large  control  duct  and  then  to  a 
flexible  "bag,"  having  a  compact  aperture  (jet)  in  the  lower  section. 

One  can  see  from  this  that  the  pressure  is  in  the  bag  froto  both  sides 
almost  e.qually.  If  the  pressure  in  the  bag  and  the  width  of  the  aper¬ 
ture  are  constant,  then  the  pressure  in  the  cushion  depends  on  the 
height  of  the  jet’s  shear  above  the  base  surface.  Therefore,  under 


Figure  95.  Change  in  Diagrams 
of  a  Class  A  ACVs  Static  Stability 
During  the  Flexible  Skirt's  Contact 
with  the  Water.  1,  Angle  of 
contact  of  the  skirt's  lower  edge 
with  the  water;  2,  Angle  of  contact 
of  the  ACV's  rigid  hull  with  the 
water. 
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normal  conditions,  the  craft  has  favorable  stability  thanks  to 
sectioning  of  the  air  cushion  by  the  pneumatic  thick  massive  skirts 
in  a  diametric  plane  and  in  the  middle.  In  the  event  of  a  sudden 
maneuver,  the  flexible  skirt  may  make  contact  with  the  water,  which 
causes  frictional  forces  as  was  noted  above. 

"Plow- in,"  as  a  result  of  the  flexible  skirt  making  contact  with 
the  water,  occurred  at  high  speed  on  calm  water  with  all.  ACVs  with . 
flexible  skirts,  starting  with  the  SRN1.  On  this  basis,  it  was  con¬ 
cluded  that  it  is  necessary  to  avoid'  letting  the  bow  skirt  section 
make  contact  with  the  water  and  to  trim  the  bow.  The  first  type  of 
skirt  on  the  SRN5  showed  a  tendency  to  "plow-in"  at  speeds  above 
55  knots,  although  it  may  attain  60  knots  safely,  if  the  ACV  is 
correctly  trimmed.  However,  this  was  found  to  be  unacceptable  and  tests 
were  made  to  remove  this  feature,  to  remove  its  formation  to  limit 
the  range  of  speed.  The  tests  showed  that  installation  of  an  additional 
gib  in  the  bow  section  of  the  skirt  decreased  the  influence  of  wash 
at  high  speeds. 

Let's  look  at  the  basic  factor — the  influence  of  wash  on  the 
flexible  skirt.  Let's  suppose  that  the  ACV  is  moving  right  along 
with  constant  trim.  Then  the  work  being  transferred  below  by  the 
controls  may  lead  to  the  bow  section's  skirt  making  contact  with  the 
water. 

Device  for  control  of  pitch  screw.  An  increase  in  thrust  creates 
trim  of  the  bow.  Usually,  this  is  neutralized  by  shifting  the  horizontal 
rudder  or  adjusting  the  ballast.  As  a  result  of  increase  in  screwjdtch, 
there  is  a  decrease  in  engine  rpms  and,  consequently,  those  of  the  fan. 
The  general  decrease  in  lift  height  also  causes  the  skirt  edge  to  dip 
close  to  the  water. 

The  rudder.  Operation  of  the  rudder  creates  not  only  moments  of 
yaw,  but  also  moments  of  list,  causing  static  list  and  vibration. 

Horizontal  rudder.  It  is  used  when  turning  to  counteract  changes 
in  trim. 

Device  for  lifting  the  flexible  skirt.  Each  quarter  of  the  skirt 
may  be  lifted  by  turning  the  control  lever,  which  permits  compensation 
for  undesirable  incline  of  the  craft. 

Other  causes  of  "plow- in"  or  external  list  during  the  craft's  turning 
may  be:  incorrect  adjustment  of  ballast,  a  sudden  change  (reduction) 
of  passengers,  wind  from  the  center  of  circulation,  etc. 
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Let  us_look  at  a  basic  factor  for  counteracting_"plow-in 

Stability,  provided  by  redistribution  of  pressure  in  sections  of 
the  air  cushion,  is  determined  by  its  division  into  four  parts.  The 
pressure  in  each  quarter  increases  as  the  sections  approach  the  water, 
which  also  creates  formation  o'f  restored  moments. 

For  the  flexible  skirt  design  of  the  SRN5  ACV,  a  thorough  evaluation 
of  a  number  of  design  measures  was  made  for  preventing  deformation  of 
the  skirt  from  wash.  It  was  estimated  that  these  measures  would  pro¬ 
vide  the  necessary  values  of  the  restored  moments. 

Skirt  collapses  in  contact  with  water.  The  additional  lift  force 
is  approximately  equal. to  the  difference  in  the  pressure  produced  in 
the  bags  and  the  air  cushion  in  the  area  of  collapse. 

Flexible  skirt  design.  The  smooth,  even,  rounded  surface  coming 
into  contact  with  the  smooth  water1 s  surface  creates  great  forces  of 
resistance  to  movement.  The  mounting  of  gibs  on  the  skirts  of  the 
SBN5.001  and  007  decreased  this  resistance. 

Model  tests  showed  that  trimming  of  the  ACV  has  stable  curves  of 
resistance  and  momentary  curves  of  up  to  =  -1°,  when  the  skirt  edge 
contacts  the  water.  After  this,  the  curve  form  M^(iji)  is  changed  in 

relation  to  the  craft's  speed.  This  relationship  has  a  critical 
characteristic.  The  greater  the  speed,  the  more  clearly  expressed  is 
the  instability  of  the  pattern  of  moments  and  the  greater  the  resistance 
to  movement  (see  Figure  95) .  At  the  "hump"  of  wave  resistance  (about 
10  knots.)  usually  there  is  local  contact  of  the  skirt  with  water.  The 
basic  forces  blocking  "plow- in"  are  created  by  increased  pressure  be¬ 
tween  the  walls  of  the  flexible  skirts  and  the  bow  section  of  the 
air  cushion. 

Three  types  of  tests  were  conducted: 

1)  At  a  fixed  rate  of  movement,  "plow-in"  was  caused  by  changing 
the  horizontal  rudder,  lifting  of  the  skirt,  and  increase  in  screw 
pitch. 

2)  At  a  fixed  rate  of  movement,  shifting  of  the  rudder  created  a 
drift  angle  of  20-30°,  then  "plow-in"  Was  caused  by  horizontal  rudder 
shift.,  increased  screw  pitch,  and  lifting  of  the  skirt. 

3)  In  stable  coordinated  turning  at  a  constant  speed  (drift  angle 
up  to  20°),  "plow-in"  was  caused  in  turning  around  by  a  quick  shift 

of  the  horizontal  rudder,  increasing  screw  pitch,  and  lifting  of  the  skirt. 
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Over  60  planned  ,5plow-ins"  of  three  models  with  flexible  skirts 
were  carried  out:  with  vertical  strips  in  the  bow  section  (basic  variant); 
with  vertical  ribs  and  two  rows  of  openings,  situated  in  enclosed 
sections  and  provided  air  expenditure  of  about  3.5%  of  the  total;  with 
vertical  ribs,  two  rows  of  openings,  and  with  additional  openings  in 
the  ribs1  mid-section.  Air  expenditure  made  up  about  5%  of  the  total. 

Tests  showed  that,  if  before  the  introduction  of  an  air  layer  turning 
in  uncoordinated  at  speeds  of  V  <  35  knots  could  lead  to  "plow-in",  then, 
after  introduction  of  the  layer,  even  at  speeds  of  40  knots  there  were  safe 
drift  angles  up  to  45°  with  rough  control  of  the  craft. 

Besides  this*  tests  showed  the  following: 

An  ACV  with  the  first  type  of  skirt  may  be  controlled  up  to  V  =  55 
knots  and  "plow-in,"  under  these  conditions,  it  is  still  not  a  threat.  A 
simultaneous  shifting  of  all  control  levers  forward  leads  to  trim  of 
the  bow  up  to  3-3.5°  and  to  contact  with  the  water  by  the  rigid  hull. 

With  V  =  36  knots  and  the  control  levers  for  screw  pitch,  horizontal 
rudder,  and  skirt  lift  by  shifting  the  rudder  in  the  wrong  position, 
there  was  a  threat  of  capsizing  with  water  rising  0.30-0.45  meters 
above  the  rigid  hull  and  immediate  correction  was  required.  The  drift 
angle  reached  70-80° . 

In  a  set  turn,  where  V  =  25-45  knots  and  8  =  20-30°,  skirt  lift  and 
turning  of  the  horizontal  rudder  led  to  an  increase  of  60-80°,  which 
also  required  immediate  correction. 

In  testing  the  second  type  of  skirt,  incorrect  position  of  control 
levers  created  a  controlled  soft  "plow-in",  which  didn't  influence 
movement  and  was  considered  absolutely  safe  up  to  speeds  of  36  knots. 

In  a  set  turn,  where  the  speed  is  36  knots,  correction  is  not  mandatory. 

The  craft  continues  turning,  although  drift  angle  is  increased  to  90°. 

If  the  lever  positions  are  incorrect  for  4-5  seconds,  then  correction  is 
necessary. 

A  series  of  tests  on  the  third  type  of  skirt  showed  that  "plow-in" 
could  occur  at  all  speeds  and  the  beneficial  influence  of  additional 
devices  was  decreased.  In  spite  of  additional  air  expenditure,  resistance 
to  movement  is  increased  somewhat  because  of  the  additional  openings. 

Then  testing  was  repeated  on  the  second  type  of  skirt  with  wind 
speeds  of  6-9  meters  per  second  and  wave  height  about  0.3  meters.  They 
showed  that  "plow-in"  occurs  not  only  on  clam  water.  Moving  on  rough 
seas,  there  was  vibration  of  the  ACV  before  "plow-in."  The  speed  at  the 
beginning  of  "plow-in"  was  almost  the  same  as  on  clam  water. 


.  In  testing  the  SKMR-1  ACV,  a  number  of  cases  of  "plow- in"  were  also 
observed  [66] .  The  first  four  cases  were  recorded  at  speeds  of  50t60 
knots  and  with  initial  trim  of  +1°.  In  the  process  of  "plow-in,:,  the 
bow  of  the  craft  is  immersed  up  to  -4°  for  four  seconds.  Changing,  screw 
pitch  to  zero,  the  pilot  corrected  the  craft  to  its  initial  position  in 
three  seconds.  Braking  of  about  0.5  g*s  was  noted  with  maximum  negative 
trim,  which  corresponds  to  the  force  =  13.6  tons.  Clearance  under 

the  flexible  skirt,  before  "plow- in,"  was  75  millimeters. 

Let  us  look  at  the  conditions  »:hich  resulted  in  capsizing  from 
"plow-in"  for  the  SRN5  and  CC-S  ACVs. 

1)  The  SRN5.001  capsized  on  8  April  1965,  in  the  area  of  Alesund 
(Norway)  during  a  sharp  maneuver  at  high  speed  over  calm  waters.  Immediately 
prior  to  the  capsizing,  there  was  a  rupture  of  the  flexible  pneumatic- 
-stabilized  keel.  The  craft  sustained  minor  damage.  ":he  capsizing 
occurred  during  demonstration  of  a  180°  turn  of  the  ACV,  with  vigorous- 
braking  by  the  screw  as  the  stem  moved  out  front  ("pirouette").  In  the 
first  phase  of  the  maneuver,  the  speed  was  lowered  from  50  to  38  knots  and 
the  rudder  was  shifted.  Reaching  a  drift  angle  of  about  65°,  the  height 
above  water  was  sharply  decreased  on  the  left  side  of  the  bow.  For  2-3 
seconds,  the  speed  dropped  8-10  knots, 'the  list  increased  to  12°  and  a 

bow  wave  formed,  rising  above  the  rigid  hull.  The  craft  then  slowly 
turned  over.  At  that  point  the  drift  angle  was  100°.  People  on  the  ACV 
(10  persons)  were  thrown  through  the  3  windows  and  the  bow  door  was 
knocked  out  during  the  accident  [81] . 

2)  The  SRN5. 007  capsized  under  similar  conditions  on  11  May  1965, 
in  San  Francisco  Bay  (U.S.A.).  There  was  no  rupture  of  the  stabilized 
keel.  The  accident  occurred  during  acceleration  of  the  ACV.  With  a 
drift  angle  of  35-45°  and  a  speed  of  about  35  knots,  "plow- in"  began, 
resistance  to  movement  increased,  and  the  speed  dropped  8  knots,  but 
the  drift  angle  increased  to  60-70°.  After  a  sharp  increase  in  list, 
the  craft  slowly  capsized  [81]. 

3)  The  SRN5  capsized  on  8  July  1966  in  the  Solent  Spithead  (England) 
under  similar  conditions  during  a  demonstration  of  braking  (pirouette)  at 
a  high  speed.  The  craft  had  a  flexible-skirted  air  cushion,  specially 
modified  to  avoid  similar  phenomena  [82]. 

4)  The  CC-5  capsized  on  12  November  1966,  in  the  Solent  Spithead 
(England)  in  rough  seas,  0.6-1. 2  meters  high,  during  the  test  of  an 
improved  rudder  mechanism. [82] . 

Similar  phenomena  also  were  observed  in  Class  B  ACV  tests. 
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5)  During  tests  in  1961  .of  the  Aqua-GEM  craft,1  due  to  a  'sharp  s 
turn  to  the  side  after  moving  along  shallow  water  (parallel  to  deep 
water)  wound  up  almost  capsizing.  List  reached  45°  and  one  researcher 
was  thrown  from  the  craft  [87] . 

6)  The  XR-1  experimental  craft  (U.S.A.)  capsized  during  testing  , 
[106] .  ■ 

Class  B  ACV  stability  is  provided  in  the  form,  of  side  vessels  or 
boats  having,  as  a  rule,  a  shallow  waterline  and  minor  collapse  of  • 
the  frame  in  the  bow  section  occurs,  with  considerable  collapse  in  the 
stem.  In  'testing  the  ACV  at  high  speeds  without  drift,  or'  at  moderate 
speeds,  but  with  drift"  (in  turning  around)  a  tendency  of  the  craft  to.  1 
tilt  "diagonally"  was  observed,  i.e.,  the  bow  and  side  simultaneously. 
Coincidental  notes  of  the  process  of  side  roll  and  pitch  in  rough  seas 
also  show  that,  on  the  basis  of  the  rocking,  they  result  in  "diagonal" 
tilt. 

Analysis  of  these  phenomena  is  complicated,  but  in  ACV  tests  they 
are  observed  quite  often.  , 

Hence,  it  may  be  concluded  that  there  is  a  necessity  for  detailed 
investigation  of  ACV  stability  and  measures  should  be  worked  out  in 
order  to  avoid  their  capsizing  during  movement. 

One  of  th'e  most  efficient  design  measures  is  ihcreaseds initial 
stability  of  the  ACV.  Regarding  this  idea,  interest  has  been  shown  in 
results  of  tests  of  planned  model  lift  systems  for  ACVs  with  flexible-- 
-skirted  air  cushions.  A  diagram '6f'*tHe' model  is  shown  in  Figure*  96. 
Special  construction  permitted  experiments  to  be  conducted  during 
suspension  above,  a  screen  made  of  organic  glass,  and  over  water  (an  over¬ 
turned  box-like  screen  filled  with  water) .  The  maximum  value  of  the 
support,  moment  was  0.2  GB  ,  maximum  list  angle, for  the  model  was  up  to 
9-10°.  n 


i 

Figure  96.  Diagram  of  a 
Model  Lift  System  for  Class  A 
ACVs. 


i 
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!  The  model  was  made  of  wood  and  organic  glass,  drained  along  the 
bottom  and  formed  by  two  centrifugal  electric  fans.  In  the  bottom 
section,  there  were  two  side  and  two  subdivided  je.ts.  At  the  bottom 
was  support  for  the  massive  flexible  skirt,  made  of  rubberized  material. 
i  The  design  ,of  the  flexible  skirt  and  the  receiver  allowed  tests  to  be 
conducted  on  two  types  of  lift  systems:  one  fully:  divided  into  sections 
and  one  with  a  common  receiver, -as  well  as_ with  various  locations  of  the 
subdivided  skirt  on  the  model's  bottom.  ‘  • 

! 

The  total  weight  £>f  the:  model  an,d  support  moments  were  regulated 
by  the  load,  acting  on  the  model  through  flexible  lines.  List  angle  and 
'lift  .height  w6re  determined  on  a  millimeter  scaile,  the  pressure-by-  a 
a  U-shaped  manometer.  'The  model  was  tested  in  a  range  of  relative  weight 

of  11.8  <  G  <'  30.8;  lift  height  was  0.094  <  h  <  0.110  and  0.044  <  hD  < 

3  :  d 

<•  0.09o!  1 

*  f  t  :  « 0  '  — 

As. a  result  of  the  tests,  the  relationship  of  the  derived  3m  /3p  to 

,  the  arrangement  of  the  internal  skirt  section  (Figure  97)  is  obtained. 

This  relationship  shows,  first  of  all,  that  division  of  the  receiver 
1.5-2  times  increases  initial  stability  of  the  ACViwith  the  rest  of  the' 
equal  conditions  and,  secondly,  that  the  arrangement  of  a  sectioned-off 
!  skirt  inside  from  the  rigid  jet  (&BH  >  0.24  in  the  given  situation)  allows 

a  value  for  the  derived  example  twice  as  high  as  the  usual  iair  supply  to 
be  obtained  for  all  three  cushion  sections . '  1 

>  1  .  : 

1  Thus,  it  might  be  said  that  there  are  considerable  reserves  of 
surplus  initial  stability  for  the  designed  ACV  that  are  not  used  in 
known  designs  of  ci;aft  and  a  number  of  design  measures  may  be  worked  out 
to  allow  a  decrease,  of  external  forces  at  the  onset  .of  "plow- in"  by  the 
ACV.  However,  if  design„measures  are  provided  for,  this  does  not  exclude 
the  necessity  to  stipulate  in  the  instructions  (for  the  craft's  pilot) 
the  conditibns  for  safe  operation  and  ,a  sequence  of  maneuvers  for  the  ( 
threat  of  capsizing.  In  particular,  it  is  sometimes  expedient  to  intro¬ 
duce  restrictions  on  permissible  drift  angles  [105]  in  relation  to  speed 
of:the  craft  (Figure  98),  as  well  as  restrictions  on  the  amount  of  yaw. 

For  control  of fthe  ACV,  on  the  pilot's  panel  are:  a  speed  indicator,  a 
trim  meter,  drift  dngle ‘indicator  and  angle  of  yaw  indicator. 

On  the  basis  of  results  of  tests  and  analysis,  the  following  recom¬ 
mendations  may  be  made  for  regulating  the  deqrease  in  probable  capsizing 
for  Class  A  ACVs  during  movement. 

>  *  I  i  j 

1,  The  ACV  njust  have  a  high  enough  initial  stability.  Minimum 
1  values  of  non-dimensional  initial  met'acentric* heigjit  are 
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Figure  97.  Relationship  of  Derivative 
-  0  — 

3mx/3p  to  a  Sectioned-Ski rt  Arrangement 

in  a  Class  A  ACV  Model  Lift  System. 

— X  ■,  Divided  receiver;  -()-•, 
Common  receiver;  X  0,  Suspension  above 
a  screen;.*  •  ,  Suspension  over  water. 


For  increase  of  initial 
stability  in  the  ACV,  the 
following  measures  may  be 
applied: 


separation  of  all  lift  systems  into  sections,  beginning  with  the 
fan  and  receiver; 

increase  of  the  coefficient  of  pressure  p,  which  usually  is  essential 
to  an  undivided  receiver; 

use  of  the. fan  with  great  signifcance  placed  on  the  derived  character 
istic  3H/3Q; 

use  of  a  plan  for  sectioned-off  air  cushion  with  parameters  of  = 

»  D.4-0.S. 

It  is  possible  that  the  non-dimensional  longitudinal  initial  meta- 
centric  height  of  m®B '=  1.0,  in  future  tests  will  prove  inadequate  and 

not  allow  a  decrease  of  the  probability  of  "plow-in." 


2.  Design  of  the  flexible  skirt,  because  of  the  action  of  wash 
forces  X_j,  must  permit  surrounding  deformation  in  order  to_provide  a 

minimum  decrease  in  stability.  In  regard  to  this  idea,  skirt  elements 
of  type  1  (Figure  99)  have  .the  advantage,  since  their  deformation  from 
the  action  of  Xrl  is  considerably  less  than  deformation  in  type  2,  which 

leads  to  less  shift  in  the  center  of  pressure  of  the  air  cushion  during 
skirt  wash. 

The  value  of  may  decrease,  providing  for  the  manufacture  of 

skirt  material  .possessing  a  lower  coefficient  of  friction  during  wash  by 
a  stream  of  water,  as  well  as  the  use  of  various  design  measures  (mounting 
of  the.  prop;  collapsible,  smooth,  streamlined  skirt;  air ‘fed  to  the  wash 
area;  use  of  transversely-separate  design  for  the  side  skirt,  etc.). 


Figure  99.  Comparison  of  Deformation  of 
Two  Types  of  Flexible  Skirts  in  the  ACV's 
Bow  Sections,  Resulting  in  Contact  with 
Water. 


3.  The  probability  of  capsizing  as  a  result  of  "plow-in"  may  be 
decreased  with  a  rational  design  of  the  ACV's  rigid  hull.  Tightness  of 
the, hull  section  and  external  collapse  oS  the  side  bow  section  must  create 
hydrostatic  and  hydrodynamic  forces,  which  provide  §i  sharp  increase  in 
stability  during  the  rigid  hull's  entry  into  water. 

4.  The  probability  of  "plow-in"  and  capsizing  depends  on  its  direction 
of  movement.  In  the  craft's  operating  instructions,  there  must  be  in¬ 
formation  on  acceptable  speeds,  drift  angle,  trin,  yaw  angle,  etc.  For 
example,  for  the  SRN5  with  generation  of  speeds  of  70  knots  and  higher 

in  tests,  a  safe  operating  speed  is  60  knots  with  drift  angles  to  15°, 
but  when  the  drift  angle  is  more  .than  15°,  the  speed  is  decreased  and 
when  B  =  60°,  V  <  20  knots  is  permissible.  Practical  testing  established 
critical  values  of  negative  trim  |ik|  <  2.5-3°  and  yaw  angle  of  3B/3t  < 

<  3-3.5°  per  second. 
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As  the  test  results  show,  a  Class  A  ACV’a  stability  increases  with 
increase  in  the  fan’s  rpms,  therefore,  when  a  dangerous  situation  occurs 
it  is  helpful  to  increase  the  fan's  rpm,  which  causes  increased  rigidity 
of  the  pneumatic  sections  of  the  flexible  skirt  and  improves  the  ACV's 
dynamic  stability,  thanks  to  an  increase  of  hydroscopic  moment  of  the 
fan's  operation. 

The  probability  of  a  Class  B  ACV  capsizing  may  be  decreased  by 
using  design  measures  and  providing  correct  control  of  the  craft's 
movement . 

It  is  recommended  that  design  measures  be  applied  to  the  design 
of  the  bow  section  of  the  hull  in  view  of  the  jutting  forward  of  the 
hydrofoils,  having  moderate  pitch  (Figure  100)  which  must  be  increased 
for  longitudinal  and  diagonal  stability. 


Figure  100.  Outline  of  Class  B  ACV 
Bow  Sections,  Which  Lessen  the  Proba¬ 
bility  of  "Plow-In."  1,  Bow  flexible- 
-skirted  air  cushion. 


Obviously,  additional  investigation  into  the  influence  of  the  form 
of  surroundings  and  the  parameters  of  an  operational  lift  system  on  the 
stability  of  a  Class  B  ACV  will  allow  more  concrete  recommendations  to 
be  made. 


Chapter  IV.  The  Speed  of  ACV's 

§17.  Aerodynamic  Components  of  Resistance 

In  Chapter  III,  the  basic  features  of  the  hydroaerodynamics  of 
ACV's  are  set  forth  and  the  general  formula  (12)  for  determining  the 
external  moments  of  force  which  act  on  the  ACV's  in  movement  is  given. 

On  the  basis  of  this  formula,  the  resistance  during  the  ACV's  movement 
(as  well  as  in  other  type  craft)  is  determined  to  be  the  total  of 
several  combined, .factors ‘ determined  independently  of  each  other. 

It  is  known  that  such  a  principle  gives,  in  practice,  quite  .satis¬ 
factory  results  in  calculating  the  resistance  for  ACV's,  43d  apparently  it 
is  more  vital.  As,  for  example,  the  sucking  inside  the  body  of  a  great 
volume  of  air  cannot  be  reflected  in  a  quantity  of  the  aerodynamic  pro¬ 
file  resistance.  However,  in  the  present  chapter,  questions  concerning 
the  reciprocal  actions  of  differently  composed  resistance  will  be  touched 
upon,  if  only  superficially,  as  far  as  such  a  reciprocal  action  in  strong 
measures  is  determined  by  the  design  features  of  each  ACV.1 
General  regualarities  in  current  times  are  impossible  to  ascertain. 

The  aerodynamic  frontal  resistance  appears  as  a  projection  of  forces 
l$al  [see  formula  (9)]  on  axis  x 

X,  =  —  JJ(Ap  cos  (n,  x)  +  t  cos  (t,  x)lds.  ■  •  ,^53) 
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For  basic  parameters,  determination  of  the  quantity  of  the  aerodynamic 
resistance  Xfl  usually  takes  into  account  the  coefficient  of  aerodynamic  re¬ 
sistance  c  ,  the  speed  relative  to  the  air  V,  and  the  area  of  the  frontal 

a 

sections  of  the  ACV  Symbol 

The  quantity  of  resistance  X  is  computed  by  the  formula 

«  a 

C154) 


Aerodynamic  resistance  of  the  AG/  appears  in  basic  vertical  resistance, 
i.e,,  resistance  forms 


~  — JjApcoS(n,  x)do. 

.*i 


(155) 


For  the  illustration  below,  calculation  is  made  of  the  value  of  the 
coefficient  for  the  resistance  of  friction  in  three  models,  in  comparison 
with  the  coefficient,  for  the  profile  resistance,  obtained  in  a  wind  tunnel 
(see  Table  7).  It  is  obvious  from  the  table,  that,  for  these  models,  the 
role  of  friction  resistance-  really  isn't  much  and,  consequently,  the  prin¬ 
ciple  portion  of  profile  resistance  in  the  models  is  due  to  wind  resistance. 

TABLE  7.  CALCULATION  OF  THE  VALUE  OF. THE)' COEFFICIENT  OF  FRICTION 

RESISTANCE 


Number  of 
the  Model  * 

Coefflent  of  Profile 
Resistance  of  the 

Hull  Without  Tall 
Units,  Taken  to  the 
Area  Amidshlp  In  .the 
•Models  c 

a  , 

.Coefficient  of  Friction  Resistance 

Equivalent  Smooth- 
plated  Models,  Taken 
to  the  Area  Amldship 
in  Super-Critical 
Numbers  Re(f  tp) 

A 

Taken  to  the  Co¬ 
efficient  of  the 
Profile  Resistance 

fx  tp/ca’  * 

1 

0.536 

0.037 

6.9 

2 

0.536 

0.039 

7.3 

3 

0.740 

0.072 

9.7 

The  quantity  of  the  coefficient  .cfi  is  determined  by  the  results  of  testing 

the  models  in  a  wind  tunnel.  In  the  early  stages  of  planning,  when  tests  atill 
haven't  been  carried  out,  advantage  may  be  taken  of  the  results  of  test  model 
prototypes  or  other  means  of  similar  transport. 
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Below  are  meanings  of  coefficients  of  resistance  fr? m  data  adduced 
in  various  works,  in  [65]  for  example. 

Coefficients  of  Aerodynamic  Resistance  in  Some  'oafis  of  Trans¬ 
port 


,  Apparatus 

The  Volkswagen  cargo  automobile . 

A  streamlined  train  with  a  special  caboose 

A  streamlined  single-decker  bus . . 

A  common,  mode  rn-day  steamship . 

A  wel 1-streaml ined  vessel . 

The  SRN1  --  England . 

The  SRN3  —  England . . . 

The  SRN5  —  England...,. . 

The  VA-3  —  England . 


a 

0.73 

0.39 

0.25 

0.68 

0.17 

0.50 

0.30 

0.30 

0.50 


For  comparison,  it  may  be  recalled  that  such  a  poorly  streamlined  body 
as  a  sphere  in  super- critical  Reynold's  numbers  has  a  coefficient  of  resistance 
c&  =  0.1  and  a  squared  disc  has  ca  =  1.1  in  an  air  stream.  Apparently,  the 

hulls  of  all  means  of  transport  with  the  value  c  take  up  an  intermediate 

position  between  these  two  bodies. 

By  such  means,  an  ACV  with  a  common-shaped  hull  might  take  the  meaning 

c  by  statistical- materials  such  as  c  =  0.4-0.S. 
a  a 

In  calculating  the  aerodynamic  resistance  of  a  scale-size  ACV,  it  is 
recommended  that  one  implement  a  correction  to  the  resistance  to  guard 
rails,  Jacob's  ladders,  and  other  parts  which  aren't  normally  installed  on 
models  of  ACV's.  According  to  the  standards  of  aircraft  construction,  the 
correction  for  small  projecting  parts  make  up  from  three  to  seven  percent 
of  the  aerodynamic  resistance. 

Following  this,  individual  computations  of  resistance  to  aerodynamic 
rudders,  stabilizers,  and  other  surfaces  located  in  the  air-screw's  stream 
may  be  maae.  The  speed  of  the  moving  air  in  the  screw's  stream  is  significantly 
higher  than  that  of  the'  ACV.  Besides  that,  the  quantity  of  speed  in  the 
screw's  stream  in  many  instances  is  changed  very  little  in  comparison  to 
the  mooring  rate,  even  in  moving  at  a  speed  of  V  =  50-60  knots.  Therefore, 
forces  of  resistance  on  surfaces  located  in  the  blowing  air  depend  little 
upon  speed.  These  forces  may  be  computed  approximately  by  the  usual  formulae 
of  hydromechanics  with  a  calculation  of  the  summoned  speed  of  the  air  screw, 
resulting  from  preliminary  values  of  draught,  necessary  for  the  movement 
of  the  ACV.‘ 


The  quantity  of  impulse  resistance  appears  as  a  projection  of  forces 
ft  -  on  axis  x  [formula  (15)].  It  is  computed  by  the  theoretical  formula 


■P QV. 


(156) 
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Impulse  resistance  appears  as  a  strong  inertia  of  air,  drawn  into  • 
movement  along  with  the  craft.  The  mechanism  of  the  formation  of  forces 
of  impulse  resistance  in  a  particular  case  —  in  data  from  the  design  of 
the  air-gate  —  is  illustrated  in  Figure  101.  It  is  apparent  from  the 
drawing  that  the  force  of  the  impulse  resistance  appears  because  of  the 
asymmetrical  entry  of  air  into  the  shaft  of  the  fan  at  half  speed  — 

—  part  is  responsible  for  rarefaction  in  the  bow-section  shafts  and  part 
increases  pressure  in  the  stem-section  shafts  (Figure  101) .  On  this 
basis,  it  is  possible  to  figure  that  the  point  of  application  of  impulse 
resistance  is  found  in  the  region  of  the  air-gate  apertures.  It  is 
•■■natural  that  it  may  shift  in  relation  to  specially- designed  ventilator 
shafts . 


A  more  severe  point  of  application  of  the  force  of  impulse  re¬ 
sistance  is  formed  as  a  result  of  calculations  of  all  aerodynamic  moments 
which  act  on  an  ACV  relative  to  axis  z.  Apparently,  from  formula  (156), 
the  quantity  of  this  force  depends  on  the  expenditure  of  air  and  the 
speed  of  the  craft.  The  quantity  of  air  expenditure  appears  as  one  of 
the  parameters  determined  during  the  designing  of  the  ACV.  However, 
this  usually  means  that  the  quantity  of  the  expenditure  in  lift  without 
movement  is,  by  comparison,  easy  to  measure  during  the  building  of  the 
craft.  It  is  cons ideralfcy' more  complex  to  determine  the  quanity  of  th’e 
expenditure  in  a  moving  craft.  At  the  same  time,  it  is  known  thatthe 
quantity  of  the  expenditure  during  movement  may  change  considerably. 

This  offers,  first  of  all,  a  change  in  the  characteristics  of  the  net¬ 
work  in  which  the  craft’s  fans  work,  due  to  various  deformations  of 
the  water's  surface  under  the  craft  at  various  speeds,  and  also  the 
beginning  of  the  aerodynamic  lift  forces  on  the  ACV's  hull,  decreasing 
the  load  on  the  water,  the  pressure  in  the  air  cushion  and  in  the  re¬ 
ceiver.  Secondly,  the  velocity  of  the  air  pressure,  passing  through  the,, 
fans,  partially  decreases  the  overall  pressure  created  by  the  fans, 
which  also  leads  to  -an  increase  in  air  expenditure.  The  extent  to  which 
the  velocity  of  the  air  pressure  is  used  depends  on  the  design  of  the 
shafts  of  the  air-gates  and  the  correlation  of  the  speed  of  movement 
and  the  air  speed  in  the  shafts. 
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■  In  Figure  102  a  relationship  is  adduced,  characterized  by  the  degree 
of  use  of  the  velocity  of  pressure  for  several  models  of  AC V's  with 
airgates  of  various  designs. 

In  some  cases  there  is  an  influence  due  to  the  unloading  of  the 
'ACV  while  moving,  in  which  the  design  of  the  air-gates  leads  the  quantity- 
of  air  expenditure  in  the  moving  ACV  to  be  decreased  20  to  30%. 

Currently,  in  practical  designs,  these  factors  of  resistance  are 
not  taken  into  consideration.  However,  in  future  investigations,  ac¬ 
cumulated  tests  and  improved  theories  on  ACV's,  it  will  be  neces¬ 
sary  to  consider  them.  Impulse  resistance  j.n  modern  ACV's  reaches  30 
to  35%  of  the  full  amount  of  resistance  while  moving  at  maximum  speed. 

At  low  speed,  the  effect  of  this  force  is  nil. 

One  kind  of  resistance  formed  in  the  ACV  is  the  reaction  force  of 
the  air  stream;  X\,  .escaping  jfrom  the  air  cushions.  This  force  is 
itself  a  projectibiTof  the  axis  x  forces  &a5  [see  formula  (17)].  It 

possesses  a  number  of  specific  properties. 


Figure  102.  Effect  of  the  Air- 
gates'  Design  and  the  Head-on 
Air  Stream  of  Pressure  and  the 
Production  of  the  Fans  of  the 
ACV. 

peripheral  speed  at  the  tips 
of  the  fans'blades;  diameter 
of  the  fans. 


First  of  all,  it  usually  does  not  equal  0  in  lift  of  the  ACV  without 
moving  (at  stop) . 

Secondly,  this  force  may  be  adverse  or  positive,  i.e.  it  appears  as 
draught  or  a  form  of  resistance. 


According  to  N.  Walker  [77],  the  quantity  of  resistance  in  model 
ACV's,  tested  over  a  hard  screen  in  a  wind  tunnel,  was  formed  with  a 
relationship  to 


c  =  cA  +  k+cu; 


(157) 


where  c  —  non-dimensional  coefficient  of  the  full  quantity  or 

resistance,  measured  by  a  dynometer  in  the  wind  tunnel 
with  the  fan  on; 

c  --  coefficient  of  profile  aerodynamic  resistance  with 
a  .  the  fan  on; 

—  coefficient  of  impulse  resistance  to  the  models; 


«$• 

.  k  —  experimental  coefficient,  changing  in  range  from 

-0.3  to  +2.3  depending  on  the  speed  of  the  blowing 
wind  and  the  design  of  the  air-gates'  shafts. 

Consequently,  according  to  our  terminology,  for  these  models  the 
quantity  of  the  coefficient  of  reaction  forces  c^  is  composed  of 


1 ,3C„  ^  Cy  l,3c„. 


The  greatest  quantity  of  reaction  force  may  be  acquired  in  the  escape  of  all 
air  from  the  cushions  on  one  side,  in  the  bow  or  in  the  stern,  that  occurs 
close  to  the  implementation  in  type  B  craft.  In  this  case,  the  maximum 
possible  quantity  of  reaction  is: 

Xi  =  pQVr  --  in  escape  from  the  stem; 

Xi  =  -pQVr  --  in  escape  from  the  bow. 

In  nozzle-type  craft  and  AGV's  with  flexible  skirts,  the  escape  of  air 
along  the  perimeter  usually  occurs  uniformly  on  all  sides  and  this  uniformity 
is  broken  only  during  inclination  of  the  ACV  relative  to  support  on  the  water's 
surface  or  a  screen.  In  case  of  a  significant  incline  relative  to  support  on 
the  svlrface,  the  reactive  force  may  reach  50%  or  more  of  the  maximum  possible 
quantity  (Figure  103),  however,  more  often  it  does  not  exceed  20  to  30%. 

In  practice,  the  escape  of  air  from  the  cushions  occurs,  basically,  on 
the  side  where  resistance  to  escape  is  least.  In  particular,  during  lift  over 
a  hard  screen,  the  quantity  of  reaction  force  depends  considerably  on  the  trim 
difference  ijj,  and  the  force  itself  on  direction  to  the  side  of  the  sunken 
extremity,  since  the  escape  of  air  occurs  on  the  side  of  the  raised  extremity. 


-195- 


I  This  result  is  illustrated  by  experimental  materials  (Figure  103V<  For 

a  craft  with  a  flat  bottom  to  be  suspended  over  a  screen  with  little  trim 
difference  $  is  well  confirmed  by  the  formula 


Xi  =  G  tan  <!>.  (158) 

There  is  an  analogous  relationship  to  its  'movement  along  the  water, 
however,  in  this  the  quantity  of  reaction  force  turns  out  to  be  propor¬ 
tional  not  to  the  trim  difference  ip,  but  to  the  average  incline. angle 
relative  to  the  deformation  of  the  water's  surface 

V  =  a.  , 


where  a  --  average  incline  angle  of  support  on  the  water's  surface  to  the 

horizon  under  the  influence  of  a  system  of  transferring  pressure  to  the  air 
cushion-. 


Figure  103.  Relationship  of  the  Relative  Reaction  Force  of  Air  Streams  to 
the  Incline  Angle  in  Support  on  the  Surface  in  Free  Trim  Difference  of  an 
ACV. 

1,  in  suspension  over  a  hard  screen;  2,  in  movement  over  water. 
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A  practical  quantity  of  wave  incline  angle  may  be  found’- proceeding 
from  the  following  correlation  (Figure  104) .  Wave  resistance  ' 


=  JJPncos(ft,  x0)da 


.  (159) 


The  weight  of  the  craft  (without  calculating  the  lift  forces  on  the 
hull  and  jet  stream) 


G  =  — ^p0c6s(n,  yjdo. 


(160) 


(161) 


In  calculating  the  small  quantity  of  the  angle  (n,  yQ) ,  one  gets 

—  ftPn*.-  . 

A{n,x0)  =  at  +  ~, 

*  ( 

The  angle  is  .  . 

where  a  --  is  the  local  angle  of  incline  to  the  horizon  of  the  free  water's 
surface  (see  Figure  104).  *  ! 

Substituted  in  the  integral  (159)  by  the  formula  £_  (n,  x0)  =  a,  h  . 

f  2  i  • 

and  using  the  theory  of  averages,  we  get 


'  Xa  =  —  . 


(162) 


Figure  104.  Diagram  of  Wave  Formation  During  Movement  i.n  a  System  of  Surface 


Rees sure. 
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Froa  this,  there' arises  a.iformula:  for 'the.  practical  calculation  of  the 
average  wave  incline  angle 


a  * 


(163) 


During  lift  over 'water  withput  moving,  the  adduced  correlation  some-  . 
times  is  broken  because  of  the  appearance  nf-&n  additional  force,  called  jet 
spray;  This  problem  is  examined  in  more  detail  in  the  following  paragraph. 

i 

Currently,  methods  have  not  bberi  devised.1  for  .the  calculation  of  values 
bf  reactions  to  the  air  stream.  This  resistance  was  formed  solely  by  ex¬ 
perimental  means  as  a  result  of*  testing  tug- type  ACV  models.  A  scheme  for 
carrying  out,  the  experiment  and  a  method  of  computing'  resistance  are  examined 
below.  •  i 

l  ! 

Although  experimental  means  exist  for  determining  reaction  force,  a 
search  for  the  path  of  its  theoretical  values  appears  urgent  and  the  impor¬ 
tance  of  resolving  these  problems  especially  exists  in  the  early  stages  of 
planning.  ’  »  .  i 

l  1  : 

To  get  the  values  of  the  reaction  force  in  the  air  stream,  it  is  neces- 

|  sary  to  know  how  the  air  escapes  from  the  air  cushions  and  by  which  factors 
this  phendmenon  is  formed.  ( 

To  such'  factors,  apparently, .may  be  attributed:  ; 

I  !  1  ! 

1)  The  correlation  of  pressure  quantity  in  the  air  cushion  and  pressure 

velocity  of  the  head-on  air  current;  1 

\  '  J 

2)  A  picture  of  the  wave  formation  on  the  free  water  surface,  in 
particular  under  the  hull  of  the  ACV,,  i.e.,'in  the  region  of  the  air  cushions; 

3)  Designed  implementation  of= airrfeed  to  the  cushion,  as  well  as  a 
scheme  for  sectioning  the  air  cushions . 

!  ,  i  !  : 

The  problems  of  wave  formation  and  wave  resistance  are  examined  in  detail' 
‘in  the  fallowing  paragraph.  For  the  characteristics  of  resistance,  in  the  es¬ 
cape  of  air  from  the  air  cushions,  the  following  two  circumstances  should  surf: 

1)  Wave  cavity  Systems  radiating  waves  appear  ns  a  way  for  the  escaping 
air  in  the  direction  of  the  stern  under  an  angle  of  approximately  18'!  to  the 
diametrical  plane  of  the  ACV.  Such  a(way  is  impossible. 

!  1 

2)  In  relation  to  the  Froude  number  system,  transverse  waves  create 

favorable  conditions  for  .escaping  air  either  in8  the  stem  (Fr  <0.6),  or  in 
the  bow  (Fr  >  1.0),  which  is  illustrated  in  Figure  44.  ( 

i  It  is  evident  that  the  direction  of: the  basjLc.  stream  of  air,  to  a  great 
extent,  is  formpd  by  longitudinal  centering  and,'  consequently,  by  the  trim 
difference  of  the  ACV  in  movement.  The  more  an.  ACV' s  trim  difference  in  the 
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stem,  the  greater  portion  of  air  escapes  in  the  direction  of  movement;  the 
more  in  the  bow,  the  greater  air  escapes  in  the  opposite  direction.  For  most, 
however,  normally  the  trim  difference  of  the  craft,  it  seems,  at  low  speeds 
(Fr  <0.6)  creates,  more  favorable  conditions  for  escape  of  air  in  the  stem, 
and  at  maximum  speeds  —  in  the  bow  (see  Figure  44) . 

The  influence  of  still  another  factor,  the  scheme  of  sectioning  the  air 
cushions,  in  the  final  analysis  also  leads  to  the'  redistribution  of  the  amount 
of  air  escaping  along  the  perimeter  of  the  air  cushion,  i.e.  a  change  in  the 
quantity  of  reaction  force. 

A  great  deal  of  attention  to  the  given  problem  of  air  distribution,  in 
escaping  from  the  air  cushions,  isn't  by  chance.  The  quantity  of  resistance 
or  draught,  arising  because  of  the  escape  of  air,  is  at  times  comparable  to 
the  total  as  all  remaining  resistance  combined.  It  is  known  that  some  of 
Professor  V,  1.  Levkov's  launches  did  not  have  special  propelling  agents 
and  could  go  at  speeds  of  up  to  V  =  70  knots  under  the  action  of  the  jet 
draught . 

In  connection  with  this,  it  is  interesting  to  consider  the  problem 
of  most  expedient  direction  of  the  air  stream,  escaping  from  the  air  cushions, 
which  may  be  reached,  for  example,  by  way  of  controlling  the  flexible  skirts 
by  flaps,  etc. 

The  total  power  expenditure,  necessary  for  the  ACV's  movement,  includes 
two  basic' items:  the  maintenance  of  the  air  cushions  and  the  overcoming  of 
resistance  to  movement. 

In  the  ideal  case  quantity  of  engery,  used  every  second  for 
'jnaintence  of  the  air  cushions,  equals  a  second  of  expenditutre  of 
•kinetic  engery  of  air. in  a  circular  stream,  escaping  from  the  air 
cushions 

.•  Wf  <*•- '  ti64) 

« >  »» 

where  V  -  relative  speed  of  air  in  the  stream; 

-  its  normal  make  up  (Figure  105). 

Through  theorum  of  cosines 


^  =  |5/f  +  |V,/|2-2|K(|K/|cos(K.  V,). 


(165) 


Taking  into  account  that  |V. |cos(V,  V.)  =  Jv|  +  V  with  |v|  <  |V.|  and 

j  j  rx  J 

//  .V  d o  =  Q,  we  get 
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(166) 


Tc  =  — -^-Q  +  —  Q  +  Vp  Jj 'V,nV,xd°, 

where  -  speed  of  the  escaping  air  from, the  cushions  during  suspension 

(without  moving); 

pVZj/2  -  the  quantity  of  full  pressure  in  the  receiver* 

.The  latter  item  in  the  formula  (166)  is  numerically  equal  in  power, 
and  is  necessary  for  overcoming  the  force  of  resistance  (or  draught)  in 
the  reaction  stream 


In  such  form,  independently  of_the  direction  of  the  air  stream 

n  +  ^/  =  (pP-^)Q  =  const,  (168) 

i.o.  the  total  ideal  power,  spent  on  overcoming  resistance  of  the  reaction 
stream  and  on  maintaining  the  air  cushions,  is  the  quantity  constant, 

not  dependent  on  distribution  of  air  in  escaping  from  the  air  cushions. 

The  directed  air  current  from  the  cushions  to  meet  the  running  flow, 
allows  the  power  consumed  to  be  lowered  without  decreasing  the  flight 
height  of  the  ACV.  In  this,  however,  so  much  power  is  developed,  necessary 
for  overcoming  resistance  during  movement,  that  reaction  to  the  air,  es¬ 
caping  in  the  direction  of  movement,  creates  additional  resistance. 


Figure  105.  A  Diagram  for  Addition 
the  Air  Cushions,  and  the  Head-On 


of  Vectors  of  Air  Speed,  Escaping  from 
Stream. 


-200- 


This  conclusion  is  correct  in  ideal  conditions,  when  the  efficiencies 
both  in  the  fan  and  screw  are  equal  «*uts..  In  actual  conditions,  it  is  • 
advantageous  to  distribute  air  in  a  form  that  a  large  part  of  the  power 
is  processed  -by  a  unit  with  a  highfc'.  efficiency.  Usually  the  efficiency  of 
the  fan  is  higher  than  the  efficiency  of  the  air  screw.  Therefore,  it  is  ' 
adviseable  to  lower  the  resistance  during  movement  by  directing  the  current  . 
of  air  in  the  stern,  thus  releasing  power  to  transfer  to  the  fan  installation 
to  ensure  the- task  of  flight  height. 

In  conclusion  we  note  that,  ih  the  number  making  up  the  forces  of 
resistance,  there  appears  to  be  still  another  force  --  wave  resistance. 

This  force  arises  because  of  the  redistribution  of  air  pressure  in  the  cushion, 
therefore  its  mechanism  of  transmission  has  an  aerodynamic  character  and  it 
acts  on  the  ACV  even  in  total  absence  of  contact  with  the  water's  surface, 
to  wit,  therefore,  wave  resistance  is  looked  upon  as  one  of  the  forces  which 
make  up  the  aerodynamic  nature  in  calculating  the  integral  pressure  of  all 
sections  of  the  hull's  surface  on  an  ACV. 

However,-  the  initial  cause  of  redistribution  of  force  of  aerodynamic 
pressure  in  the  cushion  is  the  pliability  of  water-surface  support  in  trans¬ 
ferring  along  its  system  of  surface  pressure.  In  force,  this  wave  resistance 
may  be  attributed  to  the  category  of  forces  of  hydro?.’  mamic  nature,  especially 
as  the  quantity  of  these  forces  are  determined  by  methods  of  wave  theory  in 
classical  hydrodynamics.  In  connection  with  this,  the  wave  resistance  of 
an  ACV  is  examined,  along  with  other  problems  of  a  hydrodynamic  character,  in 
the  following  paragraphs. 

§18.  Forces  of  Resistance  of  a  Hydrodynamic  Nature 

Forces  of  a  hydrodynamic  nature,  acting  on  the  ACV  may  be  divided  into 
three  groups: 

1)  Wave  resistance; 

2)  Resistance  due  to  wash,  i.e.  friction  of  water  and  profile  resistance 
during  immersion  of  part  of  the  hull  or  the  flexible  skirts  of  the  ACV; 

3)  Resistance  due  to  spray  formations. 

The  most  studied  and  widely  computed  force  is  the  force  of  wave  resistance. 
Much  research  has  been  devoted  to  wave  resistance  of  an  ACV.  Theoretics  1 
research  into  wave  formation,  which  gave  rise  to  a  system  of  transferring  surface 
pressure,  was  carried  out  at  the  end  of  the  19th  and  beginning  of  the  20th 
centuries  by  Lamb,  Havelock,  and  Winebloom.  The  most  common  solution  to 
these  problems  (for  instance  in  a  moving  system  of  pressure  along  '.he  surface 
of  a  channel,  using  deep  skirts)  was  provided  b>  M.  V.  Keldysh  and  L.  I. 

Sedov.  The  investigations  were  of  a  mathematical  nature  and  did  not  lead  to 
practical,  calculated  methods. 
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In  the-  early  1900’s,  in  connection  with  the  appearance  of  the.  first 
experimental  ACV's,  interest  grew  in  computing  wave  resistance  of  an  ACV. 
During  this  period,  practical  methods  for  computing  wave  resistance 
called  transfer  systems  of  surface  pressure,  were  developed  in  the!  USSR  by. 

V.  P.  Bol'shakov  [7]  and  abroad  by  Neuman,  and  Poole  [73]  on  the  basis  of 
a  solution  by  Vegauzen.  Later.,  a.  examination  of  the  problem  of  wave 
resistance  in  mobile  systems  of  .ressure  [17]  was  begun. 

One  of  the  most  interesting  problems  is  that  of  the  mechanism  of 
transmission -of  wave  resistance  on  the  ACV’s  hull.  In  this  problem, 
two  basic  points  of  view  were  formed;  Ya.  I.  Vojtkunski  [11],  following 
the  method  of  N.  E.  Kochin,  substitutes  the  moving  ACV’s  system  of  sources 
and  drains  and  examines  the  force  of  wave  resistance  as  a  result  of  the 
redistribution  of  air  pressure  fields  around  the  ACV  due  to  the  rising 
of  waves  on  the  free  water's  surface  under  the  craft.  In  this  formula 
for  computing  resistance,  the  structure  is  similar  to  the  well-known 
formula  of  N.  E.  Kochin.  This  method  of  approach  is  quite  rigid  and, 
in' principle,  cannot  be  called  objectionable.  However,  practical  use  of 
this  method  proves  unreliable  for  two  reasons: 

1)  Before  beginning  the  computations,  it  is  necessary  to  know  the 
seating,  i.e.  the  flight  height  and  angle  of  moving  trim  difference  of 
the  ACV  in  actual  conditions  of  movement; 

21  Kochin' s  function  succeeds  in  determining  solutions  for  the  present 
only  for  bodies  of  sufficiently  simple  form. 

Yu.  Yu.  Benya  and  V.  P.  Bol'shakov  suggested  another  interpretation 
of  the  mechanism  of  influence  of  wave  resistance  on  the  ACV's  hull.  In 
this  scheme,  the  ACV  in  movement  acquires  a  trim  difference  equal  to  the 
average  incline  angle  to  the  horizon  in  support  of  the  water's  surface  under 
the  craft.  In  this  case,  the  resultant  force  of  pressure  in  support  of 
the  water's  surface  ft  and  on  the  bottom  of  the  ACV  is  equal  in  quantity  and 
direction  of  mutual  opposites.  The  quantity  of  resistance,  operating  on 
the  ACV,  numerically  is  equal  to  the  horizontal  projections  of  the  re¬ 
sultant  force  of  pressure  on  the  surface 


In  the  actual  scheme,  however,  they  did  not  take  into  account  the 
circumstances,  which  in  actual  conditions  means  that  the  angle  of  trim 
difference  in  the  moving  ACV  could  be  changed  to  considerable  limits  in 
relation  to  the  position  of  the  center  of  gravity  along  the  length  and 
the  quantity  of  moments  of  internal  force  acting  on  the  craft. 

This  contradiction  is  cancelled  out  if  the  resultant  forces  of 
pressure  along  parts  of  the  ACV's  hull,  bordering  with  the  region  of 
the  air  cushions,  are  computed  using  theorum  of  change  in  the  amount  of 
movement  conforming  to  the  controlled  surface  bordering  the  air  cushion. 
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as  was  done  in  Chapter  II.  It  may  be  closely  computed  that  the  force, 
acting  on  the  ACV's  hull  from  the  sides  of  the  air  cushions,  is  the 
vector  (by  closing  the  triangular  force)  which  includes  the  resultant 
force  of  pressure  at  the  base  of  the  surface  and  the  resultant  amount  of 
movement  f  r  one  second  in  normal  sections  of  the  air  stream  escaping 
from  the  air  cushions  (Figure  106).  Therefore,  for  an  ACV  with  a  flat 
bottom  the  resistance  forces,  acting  from  the  sides  of  the  air  cushions, 
sometimes  are  computed  according  to  the  weight  of  the  craft  and  the  angle 
of  trim  difference  during  movement,  giving  the  force  the  name  "attitude 
resistance."  The  quantity  of  the  attitude  resistance  is  equal  to  the 
algebraic  stun  of  the  wave  resistance  and  the  horizontal  projections  in 
reaction  to  the  air  stream  (Figure  106). 


Figure  106.  Diagram  of  the  Force  Which  Acts  on  the  Flat  Bottom  of  an  ACV. 

.  To  compute  wave  resistance  by  formula  (169) ,  the  so-called  transfer 
system  of  surface  pressure,  it  is  necessary  to  know  the  law  of  distribu¬ 
tion  of  ordinate  wave  surfaces  in  the  region  of  the  air.  cushions,  i.e. 
the  function 


Uo  ~  (*o>  ^p)1 


(170) 
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This  function  may  be  fount!  in  the  resulting  solution  of  marginal  problems 
of  mathematical  physics  with  complex  boundary  conditions,  the  conclusion 
of  which  is  known  in  wave  thscry.  Using  the  system  of  coordinates  pre¬ 
sented  in  Figure  104,  these  boundary  conditions  may  be  recorded  for 
instances  of  mobile  movement  along  an  unrestricted  wide  surface  in  the 
following  form: 


d'-ri 


<J?i 


di*^gdy0^V  dxl 


■2V 


r  d*?i 


dV 

dt 


dx0 dt 


d?i  _ _ £_^£n  Vg  dp„ 


dx, 


1  dt 


wi  th1-  Vo  = 
iiL  . 

with*  Vo  —  —Hm, 


(171) 


where  4^  (xQ,  y^,  z^,  t)  -  potential  speed  of  perturbed  movement  of  fluid; 

H  -  depth  of  reservoir; 

Y  -  specific  weight  of  the  water. 

The  physical  meaning  of  the  first  equation  is  that  the  free  surface 
of  fluid  consists  of  one  of  those  fractions  and  the  pressure  on  this  sur¬ 
face  is  set  by  the  condition 


p =  W  V- 

The  physical  meaning  of  the  second  equation  is  the  absence  of  fluid 
flowing  through  the  bottom  of  the  reservoir. 

In  the  case  of  stationary  movement  systems,  the  equation  (171)  is 
simplified  and  pbserved  in  the  form  of 


m foi  ■  -  4?;  _  gV  dpn 
dxl  *  dy»  1  dXo 
wi  th  y<>  —  0.»  ■  • . 

'  hi.^o  V  . 

dHo  • 


(172) 


One  way  of  solving  the  problem  posed  consists  in  the  following.  The 
unknown  quantity  of  the  function  4^  (xQ,  yQ,  zQ,  t)  and  the  right  part  of 
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the  boundary  conditions  (171)  occurs  in  the  form  of  integrals  of  Fourier 
[17] 

•  "  *  *  CO  CO  '  ■  .  • 

<h(*o>  o.  l)  =  h  I  I  [4  (0  exp  (— |/aa  +  Py0)  + 

— CO  — CO  -  ’  V  -  - 

+  B1  (t)  exp  (]/  a’  -f  rf  y0)]  exp  [t  +  fz0)]'d*d$i 

*  — -co  "— co  2  *  . 

X  exp {— ./  [a  (*„  -xJ)  +  3  (z0  -  2*)]  j  dfyz J,  "  , 

'  _ Pttu w  _  V  ;  ■  .  . . 

:  '  ;/  .  7'  ’  ~Y7i\,  • 


(174) 


Substitution  of  integrals  (174)  in  the  system  equation  (171)  and  solution 
systems  after  a  number  of  transformations  leads  to  a  solution  of  the 
differential  equation 

&  +  ***».- 

xJ^P&exp  [—  ik  (x*  cos  r  -fzjsin  0*)]  dx'0dz'0, 


(175) 


where 


s  =  jKd/;  a  =  k  cos  0*;  P  =  &  sin  0*. 


The  unknown  quantity  of  functions  A.^  (-c)  and  (t)  are  fomied  by 
relationships 

Ax~  At  exp  (ik  cosO’s); 

Bi:=Atexp(2kHm). 

Set  by  zero  initial  conditions  (i.e.  determining  the  problems  of 
dispersal  from  the  rate  of  suspension) 

At  =  0;  =  0  when  /  =0; 

dt 

and  determination  of  the  differential  equation  (175)  may  be  obtained  by 
the  formula,  forming  the  potential  speed  • 
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?i(*0>  20.  0  “55  J  Mk  /  d6M,X 

X  exp  (/ft  cos  9*s)  [exp  (—  ft&)  +.exp  ft  (2//m  -f  x 

•  X  exp  [/ft  (jr0  cos  0*  -f  za  sin  0')J. 


Formula  (176)  may  be  used  for  determining  deformation  of  the  water's  surface. 
It  is  known  that  the  correlation  in  theories  of  small  waves  is 


..  Pa  .  V-  0?i  .  '■  foi 

y°'~  7  T  8'  dx3  g  dt  ' 


(177) 


Substitution  of  formula  (177)  in  the  expression  (169)  after  transformation 
leads  to  the  concluding  formula  for  computing  wave  resistance 


~  PiiJ*  J  J.ZPll  ~J~~  dX0dZO 


ftdft  J  (/ftcosO*)0(ft,  0*)G*(ft,  0*)<I>(ft,  0*.  t)d 0*. 

where  ®  (ft,  0*,  t)  ^  exp  (ift  cos  0*s)  [cos  8A/  x 

X  jV  exp  (—  /ft  cos  0*s)  cos  oA/<//  -f  sin  V  X 

X  J  P  exp  (—  /ft  cos  0*s)  sin  \tdt\, 

there  is  , 

8*  =  ft  th  kHm; 

G(k,  6*)  =  JJpn  exP  Vk  (*„  cos  0* +20  sin  0*)]  dx0dz0; ,  . 
G*  (ft,  0*)  *=»  J  J  ^  exp  [-  tfi(x0  cos-0*  +  20  sin  0*)]  dxcdz0. 


(178) 


(179) 

(180) 
(181) 


In  formula  (178),  the  first  item  takes  into  account  static  longitudinal  forces, 
arising  from  gradient  pressure  in  the  cushion;  the  second  item  takes  into 
account  the  additional  forces  of  wave  phenomena  in  the  moving  ACV. 

The  problem  of  wave  formation  in  establishing  moving  systems  of  surface 
pressure  was  solved  by  V.  P.  Bol'shakov  by  a  scheme  analogous  to  the  afore¬ 
mentioned. 

Wave  resistance  in  pressure- systems,  transferred  along  the  surface  of 
extremely  deep  fluids  (as  shown  in  the  work  of  [7]),  is  expressed  by  the 
relationship 
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In  systems  of  constant  pressure,  i.e.  in  pressure  pn  -  const,  the  coefficients 
A,  B,  C  and  D  consist  of 

A  =  Pn  Jj  cos (v/at0)  cos  (</  i  —  1 20W<fc0;  / 

2  ' 

B  -  Pn  |J  cos  (v/*0)  sin  (v*  ]/~?~20)  Cfjr0d?0;  ■ 

■  C  =  Pn  {I  sin  (v/x0) cos  (vf  )/ >  —  r 20) rfr0*0;  :i  (183) 

D  =  pn  J J  Sin  Cv/jfJ  sin  (vj?  ]/•  <*  -  1 20)  d*0rf20 


V.  P.  Bol'shakov’s  concluding  formula  for  computing  wave  resistance  to 

systems  of  pressure,  which  are  uniformly  distributed  by  rectangle  with 

correlation  of  sides  p  =  B  /L  has  the  form 

n  n  n 


X.  =  2S  f  sin* —sin*  1 « 

”7  8  J  2  *2  (fi_j)*/i 


(184) 


Fi>  jre  107*  The  Relationship  of  Wave  Resistance  to  Systems  of  Surface  Pressure 
<n  Froude  Numbers. 


For  convient,  practical  use  of  the  formulae,  the  meaning  of  the  integral 
m  formula  (1S4)  was  computed  on  an  electronic  digital  computer  and  is 
presented  i;i  Figure  107  in  the  fopm  of  a  graphic  relationship  to  the  argument 
2 

k'  =  1/Fr  in  the  discrete  meaning’ of  the  parameter  p  . 
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Formula  (184)  may  be  obtained  immediately  from  formula  (178)  by  way 
of  maximum  transition  at  times  with 

V(t)  const,  t  ->*  CO# 

A  greater  volume  of  analogous  calculations  was  accomplished  by 
Neuman  and  Poole  for  rectangular  and  elliptical  (in  plane)  systems  of 
uniform  pressure  in  moving  in  a  channel. 

The  solution  to  such  problems  of  wave  formation,  during  movement  ’ 
with  extremely  wide  regions  of  surface  pressure,  may  be  obtained  by 
such  a  form  as  the.  solution  to  spatial  problems .  The  final  formulae 
for  calculation  of  wave  resistance,  following  forms. 

In  unsettled  movement  of  resistance,  falling  into  single  widths, 

1  *  » 

X.  =  PJ*  |  P«-^dxa  +  V  j  •  G]dk+ 

CO 

0 

Wher^  V(k,  0  =  ^iexp(-»fs); 

j 

G  (k)  =  f,  exp  (—  ikxQ)  dx0x . 

Wx  =  -i-  sin  (3^)  j/cds  (8 ,J)dt  -  -±-  cos  (8x0J/s!n  (8X*)  dl; 

f=*exp(tks)  [-^  J  p„ksm(ku)du— ilL  J  pnkcos (ftii)dul. 

L  *  —  1  K  — i  j 


(185) 

(186) 

(187) 

(188) 
(189) 


In  fixed  movement  of  resistance  in  single  widths,  there  is  (Lamb's 
formula) 


*.  =  —  Sin3^. 


(190) 


The  results  of  the  calculations  of  wave  resistance  according  to 
formulae  (185)  and  (190)  are  shown  in  Figure  108.  In  accordance  with 
Lamb's  formula,  wave  resistance  in  fixed  movement  takes  a  number  of 
maximum  meanings  as  far  as  increasing  speeds 


X 


a  m 


if" 

T 
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with  the  meaning  of  relative  speeds 


/ 


Fr=l/  T'~;;  •  «  =  0;.1;2.  . 
v  V-  ntgn-i-i}  . 


The  last  "hump"  of  wave  resistance  corresponds  to  n  a  0,  i.e. 


Fr  = 


■VT' 


■■  0,563. 


After  exceeding  this  speed,  wave  resistance  diminishes  monotonically. 
Jhei  influence  of  mobility  on  the  quantity  of  wave  resistance,  corresponding 
to  Figure  108,  leads  to  a  lower  amount  of  "hump"  wave  resistance  with  the 
removal  of  "hump"  at  great  speeds  and  with  an  increase  in  resistance  in 
comparison  with  stationary  movement  where  the  Froude  number  >1.0.  In 
practice;  usually  no  more  than  1-2  '•humps"  of  resistance  are  displayed 
in  the j range  of  speed 


0  <  Fr  <  0.563. 

This,  apparently,  is  explained  by  the  action  of  the  force's  viscosity 
which  is  not  taken  into  account  in  theory. 


T*t 


Figure  108.  The  Relationship  of  Wave  Resistance  of  a  Flat  System  of  Surface 
Pressure  to  Froude  Numbers. 
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Hie  theory  of  waves  allows  the  possibility  to  determine  the  profile 
of  the  deformed  water  surface  in  the  region  where  there  is  higher  pressure, 
in  the  air  cushion. 


According  to  [29] ,  the  profile  of  the  free  surface  for  the  concentration 
of  concentrated  sources  of  pressure  equals  (Figure  109) 


with  x0  <  0. 


(191) 


The  profile  of  the  surface  in  front  of  the  sources  of  pressure  equals 


ytt 


=  r  JUmt^sL  dm  with  *i,>0. 

r,T  j  .71*4-** 


(192) 


Figure  1 09 .  Diagram  of  Wave  Formation  During  Movement  with  a  Concentration 
of  Concentrate^  Sources  of  Pressure. 

At  the  point  of  the  air  cushions  with  abscissa  i  x0t.[  the  quantity  of  the 
ordinate  YqB  becomes  the  sum  of  the  influence  ot  sources  set  at  point  Xq  where 

substituted  in  formulae  (191)  and  (192)  the  quantity  X  in  X  -a  and  (191)  is 
integrated  by  a  in  the  boundary  of  (XqB  -1),  and  then  ?he  results  of  the  form¬ 
ula  are  set  down,  taking  into  account  the  profile  of  the  surface  in  the  region 
of  the  surplus  pressure, 


j/OB 
Pnl  I 


—  2(1  — cosy.(/  — r0,)J  — 


00 

*.  f  (<-*«)!  .  ,  I’  exp[-;n(jrai  +  m 

71  J  ««*  +  **  -  C  *  ,) 

o  o  r  . 


dm. 
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Formula  (193)  may  also  be  written  in  another  form,  more  convenient 
for  immediate  numerical  estimation. 


= — 2  n — cos*(/ — r “*  ■ 

— Si  *  (/ — x0,)]  cos  *  (/ —x0,)  +  Ci  x  (/ — *b„)  X 
xSinx(/-jtb.))  +  —  ([-U-Si*</+ *,.)]cqsx(/  +•  C154) 

+  X0t)  +  Ci  x  (/  4-  Jf0s)  sin  X  (I  +  *<,,)  ,  •  . 

■S!  (jc)  =  J  ■  dt\  Q(»)— 'dt,  '  • 


The  results  computed  according  to  formula  (194)  are  given  in  Figure 


The  theory  of  waves  is  also  used  to  carry  out  the  numerical  estimations 
of  deformation  of  the  free  water's  surface  for  large  removal  of  the  movin'g 
belts,  of  pressure.  Just  as  in  the  problem  of  plane,  the  values  adduced 
naturally  are  attributed  only  to  a  system  of  transverse  waves  stirred  up 
by  the  moving  ACT.  According  to  [29],  the  equation  ..-for  free  surfaces  ha!s  ■ 
the  form  of 


!/oa  —  sin  —  cos  -~— 
1  2Fr*  inFr* 


■(195)' 


For  large  removal  in  the  ACT,  a  system  of  sinusoidal  .waves  is 
developed.  At  a  point  remote  from  the  center  of  the  air  cushions  in  , 
the  quantity 

x0—  LnFr2(2-/i)  n=  1;  2;  3 . 


higher  water  level  constitutes 


i.e.  maximum  wave  amplitude 


Voa  —  —  sinTFT 

jva  ,  2  Fr* 


Uoam  ^  • 


With  Fr  »  y^  -*■  0,  i.e.  at  great  speed  of  movement,  the  waves  vanish. 
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r*'  *  *FVT  '  n>* 


'W;' 


‘  '  *  The  length  "of"  the  wave?  equal  A  ’•=  Fr2  and:is  increased  in  light 

of= increases  in  speed.  The  maximum  angle  of  wave  incline 


__  Ipn  .1  .}_  1*  , 
dx,  tLa  Fr*  2Fr* 

i 


~^0  npn  Fr— *.oo. 


(196)- 


Formulae  (195).  and  (196)  imay  be  utilized  for  numerical  estimation 
of ‘deformation  of  free  surfaces,  the  qualitative  description  of  which  was 
given  in.  Chapter  II. 

(  !  i  1 

In  practice,  ^he  design  e-  exploitation  of  the  ACV  is  often  hampered 
by  the  difficulty  in  overcoming  the  "hump"  of  wave  resistance.  The  selection 
of  power  of  a  mechanical  plant ! in  the  ACV  depends,  to  a  great  extent,  on  the 
quantity  of  draught  necessary  for  overcoming  the  "hump"  resistance.  Reserve 
draught -also  determines  the  possibilities  for  increasing  weight,  i.e.  the 
receipt  of  additional  cargo  on  the  ACV.  . 

l 

•  We  note  that  there  exists  a  potential  reserve  to  lower  the  draught, 
necessary  to  the  ACVs  momentum  in  the,  case  of  fusing  optimum  dispersal 
rates,  i:e.  optimum  quantity ’of  acceleration  a. 

'  i  i 

i  ilhe ‘possibility  of  .lowering  the  necessary  draught  is  illustrated  by 
the  following  example.  •  i 

i  • 

'•  In  the  momentum  of  the  ACV,;  at  each  moment  €  is  the  correct  differential 
equation  i 


^p-'x.-sx. 


(197) 


where  EX  -  resistance  to  the  moving  ACV  for  elimination  of  the  wave's 
composition. 

■  . 

l 

j  We  will  figure  that  this  part  of  the  resistance  doesn't  depend  on 
acceleration  of  momentum.  In  non-dimenj fonal  form,  the  equation  (197)  has 
the  form  of  • 


i  =  Z _ 

S  .0  o  o 


(198) 


or,  in  brief,  is  Written  as 


P  =a  Ct  SXv  1 


(199) 


55 
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Figure  110.  Profile  of  the  Deformed  Water's  Surface  in  the  Air  Cushion. 

y«»  =»  W(Pn/Y) 

_ at  speed; _ at  "stop;" 

X0  =  XQ^n  w‘1ere  xo  13  f'9ure^  f~°m  the  front  edge  of  the  air  cushion. 


As  shown  in  equation  (199) ,  in  the  constant  meaning  EX  =  const  the 
quantity  of  the  draught  necessary  for  overcoming  the  "hump"  resistance  is 
greater  than  the  acceleration  a  and  the  maximum  meaning  of  the  wave  resistance 

.  But,  in  Figure  108,  one  can  see  that  X  is  decreased  with  the  increase 

of  a.  Consequently,  in  the  right-hand  portion  of  equation  (199)  is  the  sum 
of  the  two  functions,  from  which  one  increases  and  the  other  diminishes  with 
the  increase  of  the  quantity  of  acceleration.  This  lends  to  the  possibility 
of  the  extreme  meaning  of  the  quantity  necessary  for  draught  P  in  some 
meanings  of  a,  by  determining  the  outcome  of  the  condition 


=  1  +  4r(XBm)  =  0. 

da  n  da  v 
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We  use  the  acquired  correlation  m  the  investigation  of  wave 
resistance  of  belts  of  pressure  of  single  widths  and  lengths  of  2 l 
(in  the  direction  of  movement) .  The  quantity  of  the  lift  forces  of 
such  a  system  equals  G  =  2p  1,  the  quantity  of  non-dimensional  wave 

resistance  is  y  _  _  j[»  ;  ' 

*  0  2pnt  * 


We  denote 


(201) 


In  fulfilling  the  condition  of  (200) 


dXem  _  2pn  3i>  (a) 
da  V  'da 


(202) 


i.e< 

(203) 

da  2 pn  * 


A  diagram  of  the  function  $(a),  reconstructed  from  the  diagram  in  Figure 
108,  is  shown  in  Figure  111.  Just  as  the  curve  of  reversion  is  vivid 
below,  the  extreme  meaning  of  draught  is  at  a  minimum. 

Tho  working  out  of  graphic  differentiation  function  $(a) .using 
the  condition  in  (203),  may  be  accomplished  in  relation  to  the  quantity 
of  under-dome  pressure  and  length  of  air  cushions  of  the  following  quantity 
of  relative  acceleration  of  momentum.  With  p  =  500  kilograms  of  force 
per  m2,  2 l  =  40  meters  a  =  0.015  and  in  lowering  of  the  "hump"  of  wave 
resistance, 

y  _ 

0.015)  at* 

y  - - -  v,/ . 

(a- 0) 

With  p  =  300  kilometers  of  force  per  m2,  2 l  =  14  meters  W  =  0.025  and 

Xsm  (a -0,025)  n  r 

— 5 — ; - -  0,5. 

Aam  (o-O) 

The  example  illustrates  the  existence  of  the  optimum  rate  of  momentum 
of  tho  ACV.  The  quantitative  values  of  gain  in  draught  and  the  quantity 
of  optimum  accelerations  must  be  formed  on  the  basis  of  experimental 
materials,  since  a  number  of  factors  were  hot  taken  into  consideration  in 
the  adduced  diagram >'ic  example,  e.g.  the  spatial  character_of  wave  forma¬ 
tion,  the  progression  XgM  from  Froude  numbers  in  modifying  a  and  the  re 

lationship  of  the  remaining  parts  of  resistano*  to  acceleration. 
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Figure  Ml.  The  Relationship  of  Maximum 
Quantity  of  Wave  Resistance  to  the 
Relative  Quantity  of  Acceleration  of 
Movement. 


The  second  resistance  formed,  of  s  hydrodynamic  nature,  is  the  force  ■ 
of  resistance  due  to  wash-off,  i.e.  the  force  of  water  friction  and  the 
profile  resistance  from  submerging  ’yart  of  the  hull  or  the  flexible  skirts 
into  water.  Usually,  in  designing  the  ACV,  all  measures  are  taken  to 
eliminate  the  possibility  of  wash-off  or  decrease  the  harmful  after-affects 
of  wash-off  which  leads  to  a  drop  in  speed. 

However,  solving  this  problem  doesn't  always  work  out  satisfactorily. 
First  of  all,  wash-off  and  additional  resistance  is  practically  inevitable 
in  an  ACV  that  is  moving  over  waves.  Secondly,  the  quantity  of  this  portion 
of-  resistance  essentially  depends  on  the  constructive  type  of  ACV  and  even 
on  details  of  construction  of  the  ACV  for  craft  of  a  single  type. 

The  best  possibilities  for  lowering  resistance  are  in  the  design  of  an 
ACV  with  a  flow  of  air  skirting  the  cushions,  ensuring  equally  great  height 
of  takeoff  in  scaring  over  a  hard  screen  and  minimal  wash-off  over  water. 

In  craft  with  a  chamber  principle  of  air  flow  from  the  cushions,  sus¬ 
ceptibility  of  the  influence  of  wash-off  is  significantly  stronger.  Finally 
in  designing  Class  B  ACV's,  the  designers  deliberately  keep  in  balance  the 
resistance  of  considerably  strong  resistance  to  water,  compensating  the 
power  expenditure  in  its  overcoming  by  decreased  expenditure  of  air  and  powe: 
consumed  by  the  fan. 

.  Third,  in  practice,  this  usually  succeeds  in  ensuring  total  absence 
of  contact  with  water  only  momentarily  in  limited  range  of  speed  of 
movement. 

■  Test  operation  of  tug-type  model  ACV's  show  that,  at  the  moment  of 
overcbmi'ng  !lhump"  of  wave  resistance  or  in  the  area  of  .speed  close  to  this 
rate,  yasb^off  practically  always,'  occurs  in  the  bow  section  of  the  hull  or 
the  flexible  skirts  of  the  ACV, 

This  rate  of  curve  resistance  usually  conforms  to  the  additional  peak 
of  resistance,  connected  with  the  appearance  of  wash-off.  Wash-off  in  the 
bow  may  be  avoided  successfully  only  by  very  great  lift  height,  i.e.  at  a 
height  of  suspension  over  a  screen  considerably  exceeding  the  depth  of  the 
sinking  water  under  the  craft,  in  suspension  (without  movement)  at  "stop." 
This  may  be  attained  essentially  by  increasing  the  expenditure  in  lift  arid 
movement  of  the  ACV. 
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Usually,  in  connection' with  the  overcoming  of  wash-off,  the  peak  of 
.resistance  in  the  region  of  the  "hump"  does  not  require  an  impossible 
power  expenditure,  since  this  phenomenon  occurs  at  a  low  speed  of  move¬ 
ment.  The  problem  of  wash-off  of  the .hull  or  flexible  skirts  in  the  stem 
section  of  the  craft,  which  often  occurs  at  high  speeds,  is  more  difficult 
to  solve.  This  resistance,  by  its  very  nature,  appears  as  profile  resis¬ 
tance  typical  to  a  poorly-streamlined  body,  since  it  appears  as  phenomenon 
"bevelled"  from  the  water  jets  on  the  rigid  hull  or  flexible  skirts  facxng 
toward  the  oncoming  flew  of  air  (Figure  112)  or  other  parts  of  the  stem 
section's  flexible  skirts  in  the  absence  of, air  flowing  out. 


1,  rubber  shock  absorbers. 

The  appearance  of  this  phenomenon  usually  may  be  judged  by  the  in¬ 
tensive  trail  of  foam  from  the  stem  of  a  moving  model  or  craft.  In  the 
fight  against  this,  the  designers  use  various  constructive  solutions,  for 
example,  installing  rigid  or  soft  steps  in  the  stem  part  of  the  ACV. 

The  hydrodynamic  idea  of  this  measure  leads  either  to  an  increase  in 
clearance  between  the  water  and  the  hull  in  the  stem,  or  to  the  replace¬ 
ment  of  profile  resistance  with  water  friction.  Some  types  of  construc¬ 
tive  designs  for  the  stem  parts  of  the  flexible  skirts  are  presented 
m  Figure  112.  For  Class  B  craft  with  the  basic  type  of  resistance  due 
to  wash-off,  there  is  friction  in  the  boat  or  the  skegs  on  the  water. 


To  lower  resistance  in  this  case,  :ell-tried  glider  structure  methods 
of  stepping  the  boat,  installation  of  splash-guards  in  the  bilge,  etc. 
are  used.  These  measures,  combined  with  a  considerable  reactive  draught 
of  air,  flowing  out  in  the  stem,  allow  for  attainment  in  a  number  of 
cases  of  a  very  high  hydrodynamic  quality  for  ACV's  of  the  chamber  type 
on  calm  water,  G/X  =  25-30.  However,  in  moving  even  over  insignificant 
waves  (about  state  2  sea  conditions)  the  resistance  to  movement  is  in¬ 
creased  sharply  due  to  wash-off  on  the  hull. 

For  craft  with  skegs,  the  resistance  from  the  friction  of  the  hull 
to  the  water  is  itself  the  most  essential  component  in  the  general  balance 
of  resistance.  This  part  of  the  resistance,  in  the  end,  determines  that 
range  of  speed  which  the  application  to  an  ACV  with  skegs  is  expedient. 

Faced  with,  the  power  expenditure  o.<,  the  ACV,  the  design  of  which 
provides  a  great  expenditure  of  air  (for  example,  an  ACV  of  nozzle 
structure  and  flowing  air  skirting  the  air  cushions) ,  and  an  ACV  with 
skegs  leads  to  the  conclusion  that,  in  the  initial  stages  of  movement 
(at  low  speeds) ,  a  significant  portion  of  energy  is  spent  on  maintaining 
the  air  cushions  and  the  overcoming  of  impulse  resistance.  In  connection 
with  this,  the  quantity  of  impulse  resistance  is  relative  to  the  linear 
speed  and  this  portion  of  energy  accelerates  in  increased  speed  according 
to  square-law.  The  quantity  of  resistance  from  friction  of  hull  to 
water  increases  with  the  rise  in  speed  roughly  by  square-law,  and  the 
power  necessary  for  overcoming  this  resistance  by  cube-law  . 

So,  the  advantage  of  an  ACV  with  sker;s  becomes  apparent  at  low 
speeds,  and  an  ACV  with  flow-through  skirts,  on  the  contrary," at 
high  speeds.  In  published  data  [4],  based  on  experimental  research, 
the  use  of  an  ACV  with  skegs  proves  most  expedient  in  the  range  of  re¬ 
lative  speed 


0  <  Fr  <  1 . 

One  of  the  least-studied  forms  of  resistance  is  splash  resistance 
of  an  ACV.  The  influence  of  spray  formation  on  the  quantity  of  resistance 
becomes  apparent  in  two  ways.  First  of  all,  the  splashing  water  effects 
the  flow  of  air  from  the  receiver  in  the  air  cushion,  which  leads  to  a 
redistributed  quantity  of  air  flowing  from  the  cushions  at  various  points 
along  the  perimeter  of  the  air  barrier,  i.e.  to  a  change  in  the  quantity 
of  reactions  to  air  flow. 

In  this,  just  as  the  water  splashes,  so  also  a  deformation  of  the 
base  surface  of  the  water  leads  to  a  considerable  change  in  the  speed 
of  air  mqyement  in  the  jets  compared  to  the  rate  of  lift  over  hard,  screens. 
The  experimental  results  of  Isv’erst  J67] ,  illustrating  this' 
phenomenon,  -are  'shown  in  Table  8. 


i 


TABLE  8.  RESULTS  OF  MEASURING  THE  QUANTITY  OF  PRESSURE  AND -SPEED  OF  AIR 

FLOW  I N  THE  JETS  OF  MODEL  ACV'S 

Angle  of  trim- difference'  V  -  **-  in  the  item,  the  average  lift  height  h  =  3S  millimeter* 


C  H 

o 

■*5 

is 

u 

«  E 

a  2°L 
«  coo 

S5S 

•£2E 


17,1 


27,3 


Measured  Quantities 


Pressure,  kilogram  force 
per  meter; 

■  full  static.  Average  speed 
of  air  flow,  meters  per 
second 


Pressure,  kilogram  force 
per  meter2: 

full  static.  A'  erage  speed 
of  air  flowing,  meter 
per  second . 


Ove: 

screens 


s 

o 

ca 


28,9 

3,8 

20,1 


e 

M 

0) 

CO 


24.9 
2.5 

18.9 


Over 

water 


o 

» 


SO 

5,8 

26,5 


96,2 

7,6 

37,8 


c 

M 

O 

t-> 

CO 


48.7 

17.8 

22,2 


91,4 

29,2 

31,7 


I 

Over  a  Poly¬ 
phene  Film 
on  Water 


i 

<8 


35,5 

2.5 

22,9 


98,0 

2.5 

39,0 


0> 

to 


33,5 

2,5 

22,2 


94,6 

7,6 

37,5 


I 


On  the  basis  of  the  materials  presented  in  Table  8,  che  conclusion 
may  be  drawn  that  in  lift  over  hard  screens  or  polyphene  films  afloat 
on  the  water,  the  distribution  of  air  along  the  perimeter  of  jets  is 
more  uniform  than  in  lift  over  water.  It  is  possible  to  assume  that 
the  splashing  of  water,  hitting  the  stern  section's  jets,  hinders  air 
flow  in  the  stem. 

Secondly,  streams  of  water  splash  and  hit  the  craft's  hull  and 
may  increase  or  decrease  the  effect  on  the  ACV  of  the  quantity  of 
resistance.  Such  an  effect  was  detected  by  Everest  [67]  with  the  aid 
of  a  periscope,  allowing  him  to  observe  a  picture  of  the  internal  air 
cushions  of  a  nozzle-type  ACV.  The  results  of  measuring  longitudinal 
forces,  acting  on  the  ACV,  are  given  in  Figure  113.  As  is  obvious 
from  Figure  113,  the  quantity  of  the  longitudinal  forces  in  lift  over 
water  is  considerably  less  than  in  lift  over  screens  or  in  moving 
over  water  at  a  speed  of  Fr  =  0.4. 

From  the  visual  observations  in  the  periscope,  it  was  ascertained 
that  this  was  connected  with  the  action  of  the  spray  stream,  hitting 
on  the  bottom  of  .the.  models  and  directed  to  the  side  of  the  rising 
bow  extremity.  In  the  movement  of  the  ACV,  the  picture  of  the  spray 
formation  changed,  and  the  forces  acting  on  the  ACV  over  water  approxi¬ 
mated  the  forces  in  action  over  a  screen. 
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This  physical  phenomenon  was  assumed  on  the  basis  of  the  substi¬ 
tution  of  water  surface  by  deformed  hard  screens,  established  in  Chapter 
II.  An  additional  argument  for  the  use  of  the  established  scheme  may 
be  found  in  the  graph  in  Figure  114,  using-the  experimental  materials 
of  Everest  [67] . 


Figure  113.  Relative  Force  of  Reaction  to  the  Air  Stream  in  Relation 
to  the  Angle  of  Incline  to  the  Base  Surface  in  Rigidly  Strengthened 
ACV's. 

1,  moving  over  water  at  Fr  =  0.56;  2,  suspension  over  a  hard  screen; 
3,  suspension  over  water;  b,  sine  ip;  5,  wave  resistance  during  move¬ 
ment  of  the  craft  at  Fr  =  0.56,  computed  by  the  energy  of  the  wave's 
wake;  6,  angle  of  trim  difference  ip  =  x  /G. 


One  may  be  certain  that  in  this  graph,  at  a  relative  speed  of 
Fr  >  0.4,  the  quantity  of  the  longitudinal  forces  acting  on  a  model 
ACV  in  tow  with  a  fixed  angle  of  trim  difference  is  close  to  the  quan¬ 
tity  G  sine  \p,  i.e.  a  force  acting  on  an  ACV  in  movement  with  such  an 
angle  of  trim  difference  over  a  hard  screen. 

In  the  number  Fr  <  0.4,  the  quantity  of  the  resistance  differs 
considerably-  from  G  sine  ip,  consequently  a  change  of  water  surface  by 
the  screen  in  these  conditions  is  incorrect. 
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Figure  114.  The  Dependence  of  Relative  Resistance  in  Froude  Numbers 
in  the  Tightly  Secured  AC V  Models  with  the  Angle  of  Trim  Difference. 
_  tow  resistance, 

_ ■ _ difference  in  tow  resistance  and  total  aerodynamic  and 

impulse  resistance. 


i 


Figure  115.  Resistance  in  Movement  in 
Dependence  on  Speed  of  the  ACV  SRN5, 

G  ®  5700  kilograms. 

1,  total  resistance;  2,  total  aerody¬ 
namic  and  hydrodynamic  resistance; 

3, „  aerodynamic  resistance. 


/ 


Figure  116.  Resistance  to  Move¬ 
ment  in  Dependence  on  Speed  of 
an  ACV  with  Side  Walls,  G  =  8500 
ki  log, rams. 

1,  total  resistance;  2,  total 
wave,  aerodynamic  and  Impulse 
resistance;  3,  total  aerodynamic 
and  impulse  resistance;  4,  aero¬ 
dynamic  resistance. 
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Just  as  in  the  case  of  reaction  to  air  streams,  there  aren’t  any 
other  methods  of  determining  forces  of  hydrodynamic  contact  and  spray 
resistance  today,  except  those  used  in  model  experiments  in  test 
bfcvins  or  on  open  water. 

Methods  of  conducting  testing  and  evaluating  results  in  natural 
conditions  are  examined  in  the  following  paragraph.  In  the  initial 
stages  of  design, "when  the  testing  of  a  model  ACV  still  hasn’t  been 
carried  out,  the  results  of  tests  made,  on  a  prototype  or  results  from 
the  systematic  testing  of  a  towed  model  of  the  ACV  may  be  used  for  es¬ 
timations  of  resistance. 

Having  examined  the  total  composition  of  the  quantities  of  re¬ 
sistance  to  movement  and  the  physical  nature  of  the  individual  components 
of  resistance,  in  conclusion  we  cite  the  types  of  curves  in  the  re¬ 
lationship  of  resistance  to  movement  at  speeds  for  some  ACV's  and  the 
graphs  which  illustrate  each  of  the  components  in  the  general  balance 
of  resistance  to  movement. 

These  relationships  are  necessary,  i’n  view  of  the  ACV’s  design, 
which  permits  taking  the  most  rational  constructive  solutions  and  im¬ 
plementing  the  components  from  the  calculations,  ensuring  high  pro¬ 
pulsive  quality  in  the  design  of  the  craft  (Figures  115  and  116). 

§19.  Practical  Methods  of  Calculating  Resistance  to  Movement  In 
ACV's 

In  working  out  the  design  of  an  ACV,  the  resistance  to  movement  and 
the  speed  are  calculated,  as-a  rule,  more  than  once.  The  first  rough 
calculations  usually  are  made  at  the  very  beginning  of  the  planning 
stage,  allowing  for  resolution  of  the  necessary  power  of  the  engine 
and  the  basic  parameters  of  the  designed  craft:  displacement,  area  cf 
the  air, cushions,  expenditure  of  air,  and  tentative  quality  of  the 
attainable  speed. 

The-  calculations  are  usually  made  on  the  basis  of  tests  accumulated 
in  the  process  of  designing  previous  ACV's.  Resistance  to  movement  is 
estimated  by  the  results  of  tested  prototype  models  or  the  systematic 
testing  of  a  number  of  model  types. 

After  establishing  the  first  estimation  of  approximate  displace¬ 
ment,  main  dimensions,  forms  of  the  hull,  and  the  basic  parameters  of 
the  planned  craft,  models  of  the  designed  ACV  are  manufactured  for  testing 
in  a  wind  tunnel  andlin  a  test  basin.  During  the  testing  phase,  an 
argument  is  made  for  the  form.s  of  the  hull,  designs,  for  flexible  skirts, 
and  the  curves  of  aerodynamic  and  tow  resistance  are  clarified. 

From  these  results,  more  precise  calculations  of  resistance  to  move¬ 
ment  and  speed  are  made,  permitting  the  establishment  of  specific  meanings 
to  tactical-technical  elements:  speed,  range,  etc. 


I 


I 

I 


The  final  correction  of  the  calculations  of  speed  is  made  after 
conducting  tests  in  an  actual  craft.  In  conjunction  with  this,  such 
factors  as  interaction  of  the  air  screws  and  the  hull  of  the .ACV,  unknown 
effects  in  evaluating  the  resistance  of  actual  models,  and  others  are 
specified. 

In  some  instances,  during  the  designing  of  especially  complex 
new  craft,  the  building  of  an  actual  ACV  precedes  the  building  and 
conducting  of  tests  on  self-propelled  models.  In  this  case,  the 
calculations  of  the  speed  of  the  actual  craft  may  be  corrected  additionally 
by  the  results  of  test  on  self-propelled  models.  This  allows  to 
spacify  some  degree  beforehand  part  of  the  problems  connected  with 
the  s'caled  translation  from  model  to* actual  size,  including;  the  influence 
of  rigid  materials  for  flexible  skirts  in  resistance  to  movement,  the 
influence  of  small  waves,  wind  drift,  etc. 

Scheme  of  the  Approximate  Calculation  of  Resistance  to  Movement  of  an 

ACy  According  to  Table  9 

1)  The  speed  of  movement  "V"  is  given  a  number  of  meanings. 

2)  The  quantity  of  the  aerodynamic  resistance  of  the  hull  is 
calculated  according  to  the  formula 

where  c  —  is  formed  by  the  results  of  prototype  models  tested  in 

cl 

a  wind  tunnel. 

3}  The  quantity  of  the  aerodynamic  resistance  of  the  tail  units, 
blown  by  the  stream -from  the  screws,  is  formed  by  the  relationship  of 

Xp  =  c,pyp(V-{-  ®t)*Sp,  ,  (204) 


where  c  --  coefficient  of  resistance  to  the  rudders,  defined  by  the 
xp 

atlas  as  blowing  off  a  number  of  rudders; 

wa  --  so-called  axial  speed  in  the  screw's  stream,  determined  by  the 
quantity  of  the  coefficient  of  the  load  on  the  screw 


v(vt+v-i);  «p = 


±fv^ 

2  4 


(205) 


P  --  expected  quantity  of  the  screw's  draught; 
D  --  diameter  of  the  screw. 


-222- 


TABLE  9-  DIAGRAM  OF  ROUGH  CALCULATIONS  OF  RESISTANCE  TO  MOVEMENT  OF  AN- ACV 

Initial  Data 


'  fl-...  xr.  sn  "  .  A. Pa  -  OlStt  Krju':  ...  x; 

Q**....uv«tf  nn-an/£n; 


■No. 

n.n.- 

- - - — \ — : — 

Formula,  value 

_ s _ 

Values 

ACV  with  flexible 
skirts 

ACV  with.  Side 
walls 

i 

V  '  * 

:  rY 

Speed  of  an  ACV  (meters  per  se 
cond),  a  series  of  meanings  are 
given 

2 

"  X>- 

_ 

*  XM 

1 

Profile  aerodynamic  resistance 
to  the  hull,  kgs.  of  force 

■ 

3 

"p 

. 

Coefficient  of  loads  to  the  screw 

4 

We 

Rise  in  speed  in  the  slip-stream, 
meters  per  second 

1 

5 

Xp 

1 

Aerodynamic  resistance  of  tailin 
slip-alr-streams,  kg.  of  force 

’  1 

6 

X« 

** 

1 

Impulse  resistance,  kg.  of  force 

7 

k'=-ihL 

Vt 

el 

tal  c* 

■ 

Parameter 

8 

A  -rf(k\  |i„). 

sin— — 

2V* 

.  (see  Figure  107) 
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Table  9  continued 


I  Formula,  Value 

— • — =■“» — 

n.n.  ^CV  with  flexible  ACV  with  tide 
’  1  tkirt*  wall‘ 


Wave  resistance,  kg.  of  force- 


Residual  resistance  in  tow  models, 
kilograms  of  force 


=  mVr 


Reynold*!  #  of  a  side  wall  ACV 


Refinance  of  tide  wall  friction, 
kgi.  of  force 


Value  of  total  resistance  X,  in  kgs.  of 
force,  for  an  ACV  with  flexible  skirts 


X  =  (2)  +  (6)4- 
+  (9)  +  (H) 


1 


4)  The  quantity  of  the  impulse  resistance  is  calculated  according 
to  the  formula  ' 

5 

Xu  —  pQV. 


ship 


5)  The  quantity  of  the  coefficient  k'  is  found  by  the  relation- 

,  i 

y _ a  ,  I 

2V*'  ‘  ! 


6)  The  quantity  of  the  wave  resistance  is  calculated  :by  the 
formula 

p*V2  *  3 

X.  =  A(k',  ft,)  Pn 


*7? 


‘  (206) 


Wave  resistance  to  movement  of  the  craft  with  sidewalls  is  due  tfo  the 
flat  characteristic  of  movement  of  fluids  between  the  sidewalls,  ex¬ 
pediently  computed  according  to  Lamb's  formula 


iL. 

2V* 


(207) 


,  7)  The  quantity  of  the  remaining  resistance,  including  reaction 
to  the  air  stream,  resistance  from  wash-off,  and  spray  resistance  for 
a  craft  with  flexible  skirts,  is  evaluated  by  prototypes  or  is  deter¬ 
mined  by  graphs  of  systematic  testing  of  tow  models  with  flexible  i 
skirts  close  to  those  designed. 

The  quantity  of  the  resistance  to  movement  of  a  cra*ft  with  .side- 
walls  (water  friction)  is  calculated  by  the  formula 


Xr  —  ftp  (Re*) 


(208), 


where  f  —  coefficient  of  friction;  is  formed 
rp 

tion  to  Reynold's  numbers  relative  to  the  water 
—  wetting  of  the  hull's  surface  on  the  ACV. 


by  the  grapll  in  rela- 

Re2; 

I 


8)  The  quantity  of  the  full  resistance  is  calculated  by  totaling 
up  its  components  1  .  > 


i 


i 


i 


i 


X  =  A'a  Xp  +  A'„  -|-  Xn  H-  Xr  (209) 


? 
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.  Scheme  of  the  Precise  Calculation  of  Resistance  from  the  Results  of  the 
tow  Tests  in  a  Basin  and  Testing , Model  ACV's  in  a  Wind  Tunnel 

The  scheme  given  !of  the  calculation  for  construction  is  the 
outcome  of  the  necessity  of  exact  computation  of  the  influence  of  all 
internal  forces,  including  the  draught  of  the  screws,  on  the  trim 
difference  of  an  ACV  at  each  speed.  Equalization  of  balance  in  the 
ACV  iniconforming  to  the  scheme,  of  forces,  presented  in  Figure  117,  has 
the  form  of  '  i  .  ■ 


Xt+XK  +  Xf=P; 
Mt  +  MK  +  Mr  +  G 


'cfG(xD-ytsinW  =  PHp. 


In  non-dimensional  form  after  the .division  of  both  parts  of 
l/2pV2S  and  1/2,V2SL2  the  equalization  accordingly  takes  on  the  form 


Ct+Ct  +  Cr^Cp',  i  .  | 

ma  +  tna  +  mr+G  (x„ — yg  sin  <|>) = cpHp.  j  . 


>3\  mZJ"- 


Figure  117*  Diagram  of  the  Forces  Acting  on  an  ACV. 


^The  quantity  Xt>!  in  the  case  given,  includes,  not  only  the  reaction  flow 

and  resistance  connect'd  with  spr&y  formation  and  wash-off,  but  also 
wave-  resistance.  ! 

2The  quantity  of  the  characteristic  of  the  linear  measurement  L  and  the 
^rea  S  are  selected  arbitrarily. 
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The  coefficients  c  ,  c  ,  m  ,  m  may  be  presented  in  the  form  of 
e  r  ^  r 

linear  functions  of  the  angle  of  trim  difference  tp  by  way  of  ex¬ 
pansion  in  series  of  Taylor,  in  which  to  sufficiently  retain  two 
of  the  first  terms- 


Similarly 


= c.  (.j0)  %)  =  (t  ' 

•  •  .  .  •  " 

C'  ~  C'  (*a)  +  U=  a*  +*»(*  -%)• 


(212) 


mr  =  ff7-j-a4  fi»— 


In  substituting  (212)  for  (211)  and  excluding  the  unknown 
quantity  of  the  coefficient  of  draught  c  ,  we  get  the  formula  for 

Jr 

determining  the  angle  of  operating  trim  difference  ip  at  given  speeds 


j,  _  j.  at-~CiHp+  a, — OjHp _ 

Y  Y°  a,  —  aiHp  +  ot  —  ajfp  —  Qyt 

—  QiHp  4*  tftu  —  ChH p  Oy  —  -f-  Ojrn 

—  OjHp  +  tfg— - Qyg  ■ 


(213) 


The  results  of  the  tow  tests  are  presented  in  the  form  of  the 
relationship  cr  =  c^OlO ,  my  =  mr(t)  or,  simpler,  in  the  parametric 

form 


^  «/K);  mr  =  f(m4), 

Vt sIn  '{*)•' 


Similarly,  results  are  worked  out  "by  testing  models  of  the  hull 
in  a  .wind  tunnel. 

t 

The  structural  relationships  permit  determination  of  the  quanti 
ties  of  all  coefficients  a^,  a^  ....  a^,  ag.  Now  the  scheme  of  cfl- 

culating  resistance  leads  to  the  following  (Table  10) . 
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1)  The  speed  "V"  is  given  a  number  of  meanings. 

2)  According  to  formula  (213),  the  angle  of  operating  trim 
difference  is  computed.  The  quantity  is  assigned  arbitrarily, 

in  anticipating  the  range  of  change  of  the  angle  of  trim  difference. 

3)  By  computing  the  quantity  of  the  angle  i/»,  the  quantities 
of  coefficients  ca  and',  c^  are  formed,  with  graphs,  constructed  from 

the  test  results. 

4)  The  quantity  of  the  coefficient  of  draught  (equal  to  the 
coefficients  of  full  resistance)  is  computed  by  totaling 


Cp  -j-  c„  -|-  cr. 


(214) 


5)  The  quantity  of  the  resistance  is  found  by  the  formula 


x=cpAPPS. 


§20.  Propelling  Agents  of  ACV's 
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Propelling  agents,  installed  in  contemporary  ACV's  differ  con¬ 
siderably  both  in  principle  of  operation  and  constructive  implemen¬ 
tation.  Regarding  quality,  illustrations  may  be  given  in  the  following 
list  of  exploited  propelling  agents: 

1)  Air  screws; 

2)  Shrouded  air  screws; 

3)  Air- jet  propelling  agents; 

4)  Air- jet  propelling  agents  with  air  flow: 

a)  from  the  receiver; 

b)  from  the  air  cushions; 

5)  Water- jet  propelling  agents;  and 

6)  Screw  propellers. 


Besides  this,,  for  the  different  surfaces  required  for  automatic 
piloted  or  amphibian  craft,  propelling  agents  such  as  wheels,  cater¬ 
pillars,  and  other  means  are  provided,  the  examination  of  which  exceeds 
the  limits  provided  for  the  authors  for  the  problem. 

The  basic  features  of  the  propelling  agents,  characteristic  of 
most  ACV's  are: 

X  =  cp±PV*S. 
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First  of  all,  utilization  of  the  environment  of  air  to  ensure  the 
amphibiousness  of  the  AGV; 

Secondly,  relatively  low  (compared  to  aircraft)  speeds  and  great 
quantities  of  draught,  necessary  for  overcoming  the  "hump"  of  wave 
resistance;  and 

Third,  constructive  restrictions  on  the  over-all  dimensions  of  the 
propelling  agents. 

TABLE  10.  A  DIAGRAM  OF  THE  PRECISE  CALCULATION  OF  RESISTANCE  TO  MOVEMENT 
OF  AN  AC V  AS  THE  RESULT  Or  TESTING  MODELS  IN  A  BASIN  AND  IN  A  WIND  TUNNEL. 

G  -  ...kilograms;  Q.  =  . . .rneters3/second;  L  =  ...meters;  S  =  ...meters; 

Hp  =  ...meters;  1.  =  ...meters;  =  ...meters;  Xn  =  ...meters;  a^  = 

=  •  •  *  *  a2  =  *  *  ’  ’  a3  =  •  *  •  *  ajj  ”  •  •  •  *  =  •  •  • »  a7  =  *  •  •  >  a3  = 


c 

a 


c 


r 


Value 


Method  of  Calculation 


V 


Setting  a  series  of  meanings  to  speed,  meters/ 
/second 


4> 


=  ca(*y 


The  angle  of  actuating  trim  difference  calculated  by 
Formula  (213).  The  value  is  set  arbitrarily 


The  coefficient  of  aerodynamic  resistance  is  deter¬ 
mined  by  experimental  data 


=  cr(ij>) 


The  coefficient  of  aerodynamic  resistance  is  deter¬ 
mined  by  experimental  data 


X 


c  +  c.  +  C 
a  i 


=>  cp  pV2/2  S 


Coefficient  of  Full  Resistance 


Value  of  full  resistance1 


^he  value  of  resistance  on  the  aerodynamic  tail  unit,  moving  in  the  air 
screw's  stream,  may  be  calculated  separately  by  formulae  set  forth  in 
Table  9. 


These  features',  essentially,  are  summarized  by  one  typical 
characteristic  of  all  ACV  propeSHing^ents  -  high  meaning  of  the 
coefficient  of  load 
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In  theories  on  ideal  propelling  agents,  a  connection  is  established 
between  the.  quantity  of  the  coefficient  of  loads  at  rest  and  the  quantity 
of  the  efficiency  (Vetchinkin's  formula). 


2 

Hi  =  -r . •  -.r— 

1  /l  J  a  +  1 
P 


(217) 


The  quantity  of  the  draught  of  ideal  propelling  agents  may  be 
determined  from  the  equality  of 


Pi 


75Niit 
V  ' 


(218) 


These  formulae  allow  determination  of  the  .the  maximum  pqssible. (ideal) 

meanings  of  draught,  set  at  1  h.p.  of  underwater  power,  in  relation  to . 

the  speed  of  movement  and  the  area  of  the  disc-type  propelling  agent  F. 

The  intended  quantities  of  the 'ideal  draught  are  set  forth  in  the  graph 
of  Figure  118.  However,  the  adduced  meanings  of  specific  draught  turn 
out  to  be  practically  unattainable  because  of  the  additional  loss  of 
so-called  strength  of  viscosity  of  the  air,  the  vortex  formation,  and 
methods  of  constructive  implementation  of  the  propelling  agents. 

In  connection  with  these,  it  is  expedient  to  pass  on  to  the  ex¬ 
amination  of  specific  types  of  propelling-agent  designs.  The  first 
items  of  practical  significance  are  the  air  screws.  Problems  of 
designing  air  screws  are  widely  clarified  in  science-technical  literature 
Therefore,  an  examination  may  begin  with  the  uses  of  air  screws  in 
quality  movement  of  ACV's  compared  to  aircraft  propellers.  As  a  rule, 
each  air  screw  designed  is  the  result  of  mutual  technical  solutions, 
due  to  streamlined  designs,  to  satisfy  a  number  of  contradictory  re¬ 
quirements.  The  diameter  of  the  screw  and  the  number  of  revolutions 
are  limited  by  the  quantity  of  the  maximum  turning  speed  at  the  tip 
of  the  blades,  which  must  not  exceed  the  speed  of  sound.  In  a  case 
where  special  requirements  for  the  level  of  air  noise  of  an  ACV  are 
produced,  the  maximum  turning  speed  at  the  tip  of  the  blades  must  not 
exceed  M  =  0.6  (M  =  Mach  number). 
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Figure  118.  Relationship  of 
Ideal  Draught  to  the  Con¬ 
sumption  of  Power  and  the 
Diameter  of  the  Disc  of  the 
Propel  1 ing  Agent. 


The  width  of  the  screw  blades 
usually. does  not  exceed  8-10%  of  the 
diameter,  and  is  dictated  by  the  limited 
possibilities  of  the  mechanism  for 
turning  the  blades,  which  is  situated 
in  the  bushing  of  the  screw.  Therefore, 
in  regard  to  aerodynamics,  the  design 
of  the  screw  remains  two  parameters, 
modification  of  which  may  essentially 
alter  the  draught  characteristics  of 
the  screw;  the  profile  of  sections  of 
the  blades  and  angle  of  the  mountings 
of  the  sections,  i.e.  the  curve  of  the 
blades.  In  designing  a  propeller  for 
an  aircraft,  these  parameters  are 
suitable  also  for  selection  by  com¬ 
promise  optimum  profiles  and  attack 
angles  for  the  sections  in  conditions 
of  take-off  and  flight  at  maximum 
speed  are  different. 


In  contrast  to  an  aircraft,  the  ACV's  screw  may  be  considered 
single-rated  and  the  selection  of  profile  and  curve  of  blades  is  opti¬ 
mum  for  conditions  of  take-off.  This  allows  an  increase  in  the  draught 
characteristics  of  the  screws,  designed  especially  for  the  ACV,  in  com¬ 
parison  with  aircraft  propellers. 


Other  features,  required  for  the  air  screws  of  an  ACV,  are  the 
-necessity  of  implementating  of  "reverse  and  increasing  the-  durbility’  of  the 
screws.  Reversing  of  the  screws  increases  the  maneuverability" of  the 
ACV  to  such  an  extent,  that  ‘reverse  appears  as  a  necessary  quality 
for  a  propelling; agent  of  an  ACV. 


In  contrast  to  aircraft,  the  screws  of  an  ACV  often  are  obs^red  by 
various  superstructures  on  the  ACV's  hull,  which  may  lead  to  beginnings 
of  dangerous  resonance  rates  of  vibration  in  the  blades  and  must  be 
determined  in  the  process  of  designing  and  elminated  before  exploitation. 

Air  screws,  as  a  rule,  operate  in  small  amounts  of  water  spray  and 
splash.  Because  the  blade  edge  is  subject  to  corrosion, "in  some 
cases  the  blades  cease  operating  for  several  hours  at  a  time;  To  prolong 
the  term  of  serviceability  of  the  screws,  a  special  coating  is  applied 
to  the  incoming  edges  of  the  blades. 

Calculation  of  draught  characteristics  of  air  screws  is  accomplished 
with  the  aid  of  diagrams  of  aerodynamic  characteristics,  obtained  in  testing 
model  screws  in  a  wind  tunnel. 


Figure  119-  Aerodynamic  Characteristics  of  Air  Screw  2  SMV-3. 

In  some  cases,  there  is  a  convenient  use  of  the  diagrams  reconstructed 
in  other  co-ordinate  axes.  In  Figure  119,  the  relationship  of  coefficient 
to  0^  is  constructed,  with  constant  meanings  of  the  parameters  of  step 

and  angle  A  arrangement  of  sections  (steps)  in  radius  r^  =  0.75D/2 

for  screw  3  SMV-3  [27] . 

In  calculating  draught,  it  is  necessary  to  take  into  account  the 
influence  of  the  engine  gondolas  and  the  air  compression  in  aiding  the 
construction  of  additional  diagrams  (Figure  119).  Detailed  schemes  for 
calculation  of  draught  characteristics  lead  to  special  technical  literature 
[27].  The  scheme  for  calculating  draught  is  set  forth  in  Table  11. 


TABLE  11,  DIAGRAM  OF  THE  COMPUTATION  OF  DRAUGHT  OF  THE  AIR  SCREWS 

Initial  data:  series  of  screws  . 

D  =  ...meters;  V  =  ...meters/second;  N  =  ...horsepower. 


Formula 


Designation  of  Value 

Number  of  revolutions/second  in  the  screw 

1 

Relative  step,  where  V  is  meters/second;  n,.sec;  d,  meters 


Circumferential  speed  at  end  of  blades,  meters/second 
Final  Mach  number.  Speed  of  sound  a'  =  340  meters/second 

Coefficient  of  power  N,  horsepo..ar. 


Angle  of  air  flow  in  radius  R  =  0.75  y. 

Angle  of  blade,  setting.  Determined  according  to  graph 
(Fig.  119). 

Angle  of  attack  of  the  blades  in  radius  R  =  0.75  ^ 

Power  correction  factor.  Determined  according  to  graph 
(Fig.  119) 

Computed  coefficient  of  power 


Designation  of  Value 

Calculated  angle  of  fixed  blades  in  radius  R  =  0.75 
Set  forth  in  graph  (Fig.  119) 

Coefficient  of  draught 

Calculated  angle  of  attack 

Correction  factor.  Set  forth  in  graph  (Fi*,  119) 
Draught  of  screw  * 


For  a  more  precise  calculation,  the  correction  of  relative  dimensions  of  the  screw  and  gondolas  is 
taken  into  account,  see  [22], 
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A  great  deal  of  experience,  accumulated  by  aircraft  builders  in 
the  area  of  designing  air  screws,  permits  obtaining,  in  some  instances, 
the  meanings  of  specific  draught,  which  are  sufficiently  close  to  the 
draught  of  proposed  propelling  agents  (attaining  quantities  of  90% 
ideal  draught) .  However,  this  has  a  place  only  in  relatively  small 
quantities  of  power  supplied  to  the  screw.  In  Figure  118  it  is  observed 
that,  with  quantities  of  ratio  N/D2  >  200,  the  specific  proposed 
draught  P^7N  aims  toward  constant  quantity.  In  regard  to  this,,  the 

quantity  of  draught  must  be  increased  proportionally  to  the  power 
supplied.  However,  any  practical  screw  may  reprocess  effectively  only 
within  the  limits  of  the  quantity  of  supplied  power.  In  Figure  119 
it  is  observed  that,  in  quantities  of  coefficient  of  power  above  = 

=  0.3,  the  coefficient  of  draught  ceases  to  increase  and  later  on 

even  begins  to  decrease,  i.e.  an  increase  in  power  doesn't  lead  to  an 
increase  of  the  screw's  draught. 


The  physical  logic  of  this  phenomenon  consists  of  the  following. 

In  the  construction  of  a  screw-type  propelling  agent,  the  principle 
of  lift  forces  from  wing-type  blades  is  used  for  creating  draught. 

In  limiting  the  area  of  the  wing  (diameter  and  width  of  blades)  and  the 
turning  speed  (number  of  revolutions) ,  the  lift  forces  may  be  increased 
only  as  a  consequence  of  increased  coefficient  of  lift  forces  c  ,  which 


is  attained  by  means  of  increasing  the  angle  of  attack  of  the  wing. 
HoweVer,  the  possibilities  of  increasing  lift  forces  of  the  wing  are 
not  unlimited.  In  some  critical  meanings  of  the  attack  angle  a^, 

the  quantity  of  c  reaches  maximum  meaning  after  the  apprearance  of  a 


breaking-off  of  the  bordering  layers,  interrupting  the  flow  of  the 
wing  and  the  lift  forces  begin  to  decrease.  A  similar  phenomenon 
arises  with  the  increase  of  attack  angle  of  the  screw's  blades. 


After  a  considerable  part  of  the  blades'  sweep  is  interrupted, 
the  screw's  draught  begins  to  diminish,  in  spite  of  an  increase  in 
bringing  power  to  the  screw. 

Today,  very  powerful  aviation  gas-turbines,  which  are  small  in 
size  and  light  in  weight,  may  be  used  on  ACV's.  However,  with  their 
use  there  arises  a  familiar  problem  of  propelling  agents,  i.e.  the 
method  of  reprocessing  the  power  in  draught. 


The  only  thing  to  be  done  is  to  divide  the  power  between  several 
screws.  It  is  natural  that,  in  doing  this,  new  difficulties  arise: 
the  complexity  in  the  general  arrangement  of  the  craft  in  a  given  size, 
the  necessity  of  using  a  large  number  of  reduction  gears  and  transmissions, 
and  the  calculation  of  mutual  influences  of  the  propelling  agents. 
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A  successful  solution,  discovered 
by  aircraft  builders  for  large  trans¬ 
port  aircraft  like  the ,Tu-114  and  the 
"An51  series,  involves  coaxial  screws 
with  opposite  directions  of  rotation. 

In  the  operation  of  coaxial  screws  in 
twin  activity,  each  of  the  screws  induces 
in  the  disc  of  its  twin  screw  additional 

axial  w'  ,  w"  and  circumferential 
a  a  , 

w'  ,  w"  ■ speeds,  in  comparison  with  speeds 


Figure  120.  Polygons  of  Speed 
of  Coaxial  Screws  with  Opposite 
Rotations. 


w  and  w  in  the  operation  of  the  screw 

a  L 

by  itself  (Figure  120),  which  leads  to 
alteration  of  the  .angles  of  attack  of 
the  blade  elements. 

In  the  first  place,  the  inter¬ 
ruption  of  the  flow  of  a  considerable 
part  of  the  blades'  sweep  is  eliminated.  ■ 
Secondly,  because  of  the  opposite  directions 
of  rotation,  circumferential  speeds  in¬ 
duced.  by  the  front  and  rear  screws  are 
mutually  cancelled,  and  the  flow  from  the 
disc  of  the  rear  screw  creates  a  con¬ 
siderable  degree  of  torque.  Consequently, 
the  kinetic  energy  of  that  eliminated  by 
the  propelling  agent's  air  mass  is  de¬ 
creased,  which  increases  the  efficiency  of 
the  coaxial-screw  complex. 


The  specific  draught  of  a  well-designed  coaxial-screw  complex  is 
•almost  equal  to  the  total  draught  of  screws  working .individually,  but  in 
practive  it  remains  smaller  than  this  total .  It  has  been  concluded  that 
the  reason  for  such  a  descrepancy  is  that  the  mass  of  air,  flowing  through 
the  disc  of  each  of  the  coaxial  screws,  considerably  exceeds  the  mass  which 
flows  through  each  of  the  scre.vs  in  singular  activity,  and  because  of  this 
speeds  are  increased  for  the  air  flow  through  the  discs  ond  the  calculated 
meaning  of  operable  steps  of  the  screws,  which  leads  to  lower  draught. 


This  circumstance,  essentially,  is  considered  according  to  the  ideal 
efficiency  of  the  coaxial  screw  complex.  To  illustrate  the  effectiveness 
of  the  division  of  power  or  use  of  coaxial  screws,  several  diagrams  are  set 
forth  in  Figure  119. 


Let.  us  assume  that  the  coefficient  of  power  in  the  operating  screw  is 
a  speed  of  V  =  15  meters/second,  =  0.2,  =  0.2.  Consequently,  the 

coefficient  of  draught  of  this  screw  is  =  0.143.  In  dividing. the  power 

between  the  two  screws,  the  diameter  and.  the  number  of  revolutions  0^  =  0.1. 
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For  each  of  the  screws,  the  coefficient  is  =  0.122,  consequently. 


the  total  draught  is  increased  to  m*  =  0.244/0/143  =1.7  times.  In 
the  case  of  dividing  the  power-^etween  the  two  coaxial  screws  in 
operable  steps,  the  front  screw  will  equal  X  j  =  0.4  and  the  rear 

screw  X  „  -  0.27  [1].  The  coefficient  of  draught  of  the  front  screw 
pz 

of  the  coaxial  combination  is  a'^  =  0.115,  and  the  rear  is  a'^  =  0.118. 


The  total  draught  is  increased, 
in  comparison  with  the  initial  variant, 
1.63  times  (0.233:0.143),  but  is  lower 
than  the  total  draught  of  the  two 
screws  acting  individually. 

An  important  means  of  increasing 
draught  of  propelling  agents  for  ACV's 
is  the  use  of  circular  shrouds. 


Figure- 121.  Relationship 
of  the  Ideal  Efficiency 
of  the  Screw  Complex  (shroud¬ 
ed  and  isolated  screws) 
to  the  Load  Coefficient. 


Propelling  agent  complexes,  in  the 
form  of  propeller  screws  confined  in 
circular  shrouds,  are  widely  used  in 
shipbuilding  to  increase  the  draught 
of* tow- type  and  other  craft  with  heavy - 
-duty  screws.  For  shipbuilding  tests, 
the  use  of  circular  shrouds  stands  to 
gain  from  the  meaning  of  the  load 


coefficient  of  the  propelling  agents  o  >  l.Q  (Figure  121). 

F 


For  an  ACV-,  the  quantity  a 


P 


in 


the  area  of  speed,  in  accordance  with 


the  "hump"  of  resistance,  reached  10-20  and  more.  Consequently,  the  use 
of  a  shroud  in  this  case  is  even  more  justifiable  than  in  a  tow-type 
craft . 


The  basic  reasons  for  the  increase  in  draught  of  a  shrouded  screw, 
in  comparison  with  an  isolated  screw,  lie  in  the  following.  In  theories 
of  ideal  propelling  agents,  Rankin's  formula  is  well-known  -  it  determines 
the  efficiency  of  ideal  propelling  agents  in  that 


r.  - 


ru 


(219) 


where  V  *  speed  of  the  craft's  movement; 

Vm  -  speed  of  the  air  stream  of  the  propelling  agents  to  infinity 

foi  craft  in  system-coordinates  connected  with  the  movement  of  the  craft. 


The  quantity  of  the  draught  of  propelling  agents  is  determined  by  the 
formula  _  __  _ 
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(220) 


where-  m  -  a  second's  expenditure  of  air  in  the  propelling  agent's  stream, 
calculated  by  this  system  of  coordinates. 

An  analysis  of  formulae  (219)  and  (220)  shows  that,  to  increase 
efficiency  for  maintaining  given  quantities  of  draught,  it  is  always 
expedient  to  increase  the  mass  m  and  decrease  the  speed  in  the  stream  of 
the  propelling  agents. 

In  the.  operation  of  an  isolated  screw,  the  stream  is  narrow  after 
passing  through  the  disc  and  the  speed  to  infinity  for  the  screw  is  in¬ 
creased  by  the  law 


^  =  1/1  +<V  •  (221) 

V  ■  / 

In  the  case  of  the  shrouded  screw,  the  stream  is  widened  after 
passing  through  the  disc,  following  the  profile  of  the  shroud  (Figure . 
122).  For  the  shroud,  as  with  the  circular  foils,  there  arises  a  force 
of  draught.  Usually,  that  pressure  in  the  stream  flowing  from  the 
shroud  is  equal  to  the  pressure  to  infinity,  i.e.  the  stream  of  air, 
flowing  from  the  propelling-agent  complex,  has  a  constant  transverse 

I 

F2  =  F«  (see  t28])- 


Figure  i 22 .  'Diagram  of  the  Line  of  Current  in  Operating  a  Shrouded  Screw. 
I  -  Uninterrupted  flow  in  the  shroud;  II  -  Interrupted  flow  in  the  shroud. 
-  In  operation  of  art  isolated  screw. 

If  the  designation  F  -  area  of  the  screw's  disc  and  62  =  F7/F,  then 
in  this  case 


-237- 


Secondly,  the  air  screw  (appearing  as  the  working  agent  operating 
in  a  shroud)  is  replaced  by  a  fan,  calling  for  a  large  quantity  of  the 
coefficient  of  thrust  a^  [28]. 

Calculation  of  draught  of  the  air- jet  propelling  agent  may  be 
accomplished  by  the  well-known  scheme  of  calculations  for  water- jet 
propelling  agents  [28] .  For  the  completion  of  a  sufficiently  reliable 
calculation,  as  is  also  the  case  of  water- jet  propelling  agents,  it  is 
necessary  to  arrange  this  by  the  following  experimental  materials: 

a)  Characteristic  of  the  agent  operating  in  isolated  activity; 

b)  Characteristic  of  the  air-conductor  route. 

A  special  air-conductor  route  for  the  propelling  agent  ^does  not 
appear  according  to  the  necessary  conditions.  In  Figure  124,  b  and  c 
views -of  ACV's  in  the  hulls  of  which  air  (going  toward  the  creation 
of  jet  draught)  moves  along  a  duct  of  the  systems  maintaining  the 
ACV's.  In  the  case  of  b,  the  jet  force  is  created  in  the  air  flow  from 
the  receiver  of  the  ACV;  in  the  case  of  c,  the  air  flows  directly  from- 
the  air  cushions.  These  principles,  in  ACV  configurations,  are  well 
known  in  practice. 

The  propelling  agent  in  scheme  b  was  used  in  the  creation  of  the 
first  English  ACV,  the  SRN1,  as  well  as  in  many  other  craft, 
the  CC-5,  etc. 

The  propelling  agent  c  was  used  much  earlier  with  great  success  in 
the  first  native  full-size  craft  of  chamber  type,  created  by  Prof.  V. 

I.  Levkov  [4].  There  are  many  well-known  ACV's  using  air-jet  propelling 
agents,  the  creations -of  which  utilized  schemes  b  and  c.’ 


Figure  124.  Constructive  Type  Con¬ 
figurations  of  Air-Jet  Propelling  Agents 
in  the  Hulls  of  ACV's:  a,  Air-jet  pro¬ 
pelling  agent;  b,  Air  flow  from  the 
receiver;  c,  Air  flow  from  the  air 
cushions. 
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Where  'a  -  load  coefficient  from  the  calculated  draught  of  the  shroud. 

The  quantities  of  ideal  efficiency,  calculated  according  to  formula 
(219)  with  the  calculations  of  formulae  (221)  and  .(222).,  are  set  forth 
in  Figure  121  [28].  Apparently,  in  the  operation  of  a  shrouded  screw, 
the  ideal  efficiency  is  higher  than  in  the  operation  of  an  isolated  . 
screw.  However,  the  advantages  of  a  shrouded-screw  complexj  in  com¬ 
parison  with  an  isolated  screw,  do  not  lead  to  gains  in  ideal  efficiency. 

If  the  designation  Vg  -  speed  of  air  flow  through  the  screw’s 

disc,  then  oit  the  basis  of  equalization  of  indissolubility  of  the 
environs  it.  is._possible  to  write  the  following  equality:  *  .  !  '■ 
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If  the  ideal  efficiencies  of  the  propelling  agent  are  equal',  i.e. 
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The  lower  limit  of  the  quantities  is  lim  c  =  1,  and  the  quantity  8^  >  , 

>  1.  Therefore,  .  _ 

I  y«MC  T  5 

Consequently,  in  "the  equality  of  ideal  efficiencies,  the  speed: of 
air  flow  through  the  screw's  disc  in  a  shroud  is  greater  than  the  speed 
of  air  flow  through  the  disc  of  an  isolated  screw.  . 

i 

i 

In  this,  as  well  as  in  the  case  of  coaxial  screws,  a  part  .of  the 
blades'  sweep  is  blocked  and  the  draught  .increases.  In  such  a  !way,  the 
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use  of  a  shrouded  screw  not  only  increases  the  ideal,  but  also  the 
designed  efficiency.  For  aircraft  screws,  the  total  increase  of 
draught  from  a  shrouded-screw  complex  is  100%  in  some  instances.  If 
the  screw  if  specially  designed  for  the  ACV,  the  increase*  of  draught 
■pf  the  shrouded  screw  is  considerably  less. 

*  2  • 

The  possibilities  of  expansion  of  the  streams,  after  passing 
j  through  the  screw’s  disc  (shrouded)  is  not  without*  limits,  and  are 
formed  by  conditions  of  uninterrupted  flow  according -to  the  profile 
of  the  shroud.  In  a. given  length  of  the  Shroud,  the  increase  of  the 
coefficient  of-exapnsion  equivalent  to  the  increase  of  the  angle 

of  attack  of  the  shroud's  winged  profile  (Figure  122). 

»  , 

As  was  already,  noted,  after  reaching  some 'of  the  critical  ^meanings 

of  the  angle  of  attack,  the  flow  of  air  is  blocked  and  further  expansion 
'  of  the  stream  does  net  occur.  In  this,  both  the  lift  force  of  the  pro¬ 
file  and,  consequently,  the  draught  'of  the  shro.ud  are  decreased. 

]  Determination  of  optimum  rates1  and  the  profile  of  the  shrouds  are 

connected  by  thorough  aerodynamic  calculation.  After  carrying  but  such 
a  calculation,  it  usually  is 'expedient  to  condiiet  tests  of  the  designed 
shrouded-screw-  ebrapi'ex  in  a  wind  tunnel  and  to  introduce  the  necessary 
corrections  !to  the  given  parameters .  1 

1  1 

Today,  application  of -circular-shrouds  has  been  suspended  because 
1  of  the.  considerable  design  and  technological  difficulties  of  their 
completion.  The  length  of  the  shrouds  usually  is  0. 5-1.0  of  the 
screw's  diameters.  Thickness  of:  the  profile  is  from  15  to  25%  of  the 
bhord  profile  (shroud  lengths).  1  j  . 

For  effective  operation  of  the  complex,  it  is  necessary  to  ensure 
minimal  clearance  between  the  blade  tips  and  the  profile  of  the  shroud  , 
equal  to  0.3-0. 5%'  of  the  screw's  diaipeter.  If >  this,  it  is  necessary 
'to  ensure  a  tight  system  of  securing  the  screws  and  shrouds,  which  would 
exlcude  the  possibility  of  blpws  from  the  edges  of  the  blades  along  the 
!  profile  of  the  shroud  during  conditions  of  dynamic  load  in  the  design 

for  wiiid  and-roll'ing  of  the  ACV  in  sea  conditions.: 

•  '  ,  • 

\  1  .  !  1 

The  shrouds  of  a  draft  with  propeller  screws  sometimes  are  cast 

or  reinforced  by  rigid  internal  framework.  However,  this  is  possible 
only  f<jr  screws  with  small  diameters.  Dialneters  of ‘air  screws  reach  3 
to  6  meters.  Naturally,  the  use  of  a  qast  shroud  leads  to  an  intolerable 
increase  in  weight.  It’  is  necessary,  iherfore,,  to  look  for  the  most 
successful  design  solution  which  would  ensure  rigidity  at  a  minimal 
weight  in  construction.  1  ■  ; 

•  1  l 

\  1  t 

Above,  it  was  shwon  that  the  basic  gain  in  draught  of  the  propelling 
agent,  using san  air-screw  complex  and  circular  shrouds,  is  connected  with 


!  -240- 


the  large  quantity  of  load  coefficient  of  the  propelling  agent.  At 
high  speeds,  the  load  coefficient  is  decreased,  as  is  the  effectiveness 
of  the  shroud  (Figure  123).  At  maximum  speeds  of  modem  ACV's  the 
effect  of  using  shrouds  is  practically  nil.  Therefore,  to  acquire 
the  necessary  reserve  draught  in  the  area  of  the  ''hump*'  of  wave  re¬ 
sistance  for  ACV’s,  the  use  of  shrouds  is  not  expedient,  especially  if 
the  design  difficulties  in  creating  propelling  agents  of  such  a  type 
are  taken  into  account. 

\ 

As  was  indicated  earlier,  the  basic  deficiency  of  air  screws, 
used  as  quality  propelling  agents  of  ACV's,  is  that  they  are  of  large 
dimensions.  Therefore,  from  the  very  outset,  the  efforts  of  designers 
were  directed  toward  looking  for  propeAing  agents  of  other  types, 
which  could  be  integrated  into  the  components  of  the  ACV.  The  basic 
direction  of  this  search  was  the  use  of  the  air-jet  propelling  agent 
in  different  ways.  The  principal  diagrams  for  three  basic  design- 
-types  of  ACV's,  which  employ  the  air- jet  propelling  agent,  are  set 
forth  in  Figure  124 . 


In  the  first  case,  the  pro¬ 
pelling  agent  of  the  ACV  is  not 
connected  with  the  system  of  . 
maintainence  of  the  ACV.  Special 
air  conductors  were  provided  in 
the  construction  of  the  craft, 
in  which  the  velocity  of  the  air 
mass  occurs,  acting  from  without, 
due  to  the  supply  of  energy  neces¬ 
sary  for  operation  of  the  propelling 
agent,  e.g. ,  the  fan  at  the  site 
of  the  air  conductor.  This  construc¬ 
tion,  in  principle,  is  similar  to 
water- jet  propelling  agents,  which-  are 
•widely  used  in  shipbuilding  ,  and 
may  be  called  an  air-,jet  propelling 
agent.  Today,  there  still  is  not  an 
ACV  equipped  with  propelling  agents 
of  such  a  type,  but  great  attention  has  been  given  to  study  by  the 
designers,  with  the  exception  of  such  an  ACV  emerging  in  the  .near  future. 


Figure  123.  The  Relationship 
of  Draught  of  an  Isolated  In¬ 
dividual  screw  to  the  Draught 
of.  a  Shrouded-sera^  jompjex 
in  Relationship  to  the  Speed 
of  Movement. 


Streamlining  to  lower  the  transverse  dimensions  of  the  propelling, 
•agent,  in  maintaining  the  possibility  for  a  great  quantity  of  draught, 
leads  to  the  use  of  air-jet  propelling  agents  instead  of  shroude'd  air 
screws.  This  transition  is  connected  with  two  character- design  traits. 

First  of  all,  the  longitudinal,  axial  measurements  of  the  propelling 
agent,  necessary  for  the  effective  transformation  of  the  energy  carried 
to  the  working  organ  (the  kinetic  energy  stream  flowing  from  the  pro¬ 
pelling  agent)  are  lengthened. 
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The  merits'  of  the  propelling  agents  c£  the  types  examined  are 
obvious:  simplicity  of- construction 2  organic  combination  of  systems 
of  air  conductors  in  the  propelllifg’ agents  and  lift  systems  of  the 
■ACT’S. 

The  basic  Jificiency  of.  air-jet  propelling  agents  lies  in  that, 
they  may  be  effectively  used  only  on  small  ACV’s  with  small  quantities 
of  under-dome  pressure  in  the  cushions  The  quantity  of  draught,  neces¬ 
sary  for  the  ACV's  movement,  is  formed  usually  by  the  quantity  of 
"hump"  of  waive  resistance.  By  measuring  the  increase  in  pressure  in 
the  cushion,  the  quantity  of  "hump"  of  wave  resistance  increases  pro¬ 
portionately  to  the  square  of  pressure,  while  the  jet  draught  P.  is 

increased  proportionately  to  the  first  steps  of  pressure. 
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where  F  -  area  of  outlet  of  the  propelling  agent. 


To  illustrate  this,  a  graph  of  the  calculated  meanings  of  power 
necessary  for  overcoming  the  "hump"  of  resistance  in  air  flowing  from 
the  receiver,  in  relation  to  the  pressure  in  the  cushion,,  is  set 
forth-;  in  Figure  125. 


Figure  125.  Comparative  Curves  of  Power  N,  Necessary  for  Overcoming 
Wave  "Hump",  in  Relation  to  Pressure  P  (Kilograms  of  force  per  meter2) 
in  the  Air  Cushion.  n 

- - Air-Jet  Propelling  Agent; 

-  Air  Screw,  Developing  a  specific  draught  of  1  kilogram  force 

per  h.p.; 

1  -  G  =  1000  meters;  2  -  G  =  300  meters;  3  ~  G  =  50  meters;  4  -  G  = 

»  10  meters. 
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The  following  assumptions  were  obtained  in  this  calculation: 

1)  The  “hump"  of  resistance  X  =  3.25  P^B^/y;  Fr  =  0.5; 

2)  N  =  QP  /75  ,  where  nc  =  0.75; 

p  rjc  . 

3)  pp/p„  =  1.3; 

4)  ln/Bn=2.0;G=2PnB2. 

The  results  of  the  computation  are  plotted  by  solid  lines. 

In  increasing  pressure,  the  quantity  of  power  necessary  for  over¬ 
coming  the  "hump"  of  resistance  increased  sharply.  In  this  graph,  the 
dotted  lines  mark  the  power  necessary  for  use  of  quality  propelling 
agents  of  the  air  screw  type,  developing  a  draught  of  1  kilogram  force 
at  1  h.p.  of  supplied  power.  The  advantage  of  the'  screw  is  seen  in 
the  large  quantity  of  pressure,  where  the  dotted  lines  go  below  the 
solid  lines.. 

As  the  graph  shows,  the  use  of  air-jet  propelling  agents  is  ex¬ 
pedient  only  in  pressure  lg  Pfi  <  2. 2-2. 4,  i.e.  P^  <  160-250  kilograms 

of  force  per  meter2,  being  the  lower  limit  corresponding  to  a  craft 
of  large  dimensions.-. 

Due  to  the  condionality  of  the  calculation  in  this  graph,  one 
cannot  use  it  for  quantitative  value  in  selecting  a  type  of  propelling 
agent.  In  practice,  the  advantages  of  air  screws  are1  seen  to  be  more 
considerable  both  in  the  small  quantities  of  pressure,  and  in  the 
development  of  draught  of  more  than  1  kilogram  force  at  1  h.p. 

Aviation  turbojet  and  turbofan  engines,  also  use  as  quality  pro¬ 
pelling  agents  for  ACV's,  deserve  some  attention.  The  aviation  industry 
has  organized  the  production  of  a  large  number  of  jet  engines,  which  are  precise, 
reliable,  and  widely  adapted  by  native  and  foreign  passenger  and 
military  aircraft. 

The  advantages  of  a  propelling  agent  of  this  type  are  regarded  as 
[18] :  small  dimensions;  low  weight  with  great  power;  and  an  insigni¬ 
ficant  drop  in  draught  at  increased  speeds,  compared  to  screws. 

Regarding  quality,  the  following  deficiencies  are  noted:  a  great 
fuel  expenditure  at  1  kilogram  force  of  draught,  compared  to  engines 
of  internal  combustion  or  gas-turbine  type;  and  the  necessity  of  using 
special  construction  materials  to  prevent  corrosion  and  salt  buildup 
of  sea  conditions. 
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Figure  126.  Specific  Hourly  Fuel  Expenditure  in  Relation  to  the  Specific 
Draught  of  an  Air  Jet  Engine  at  Different  Quantities  of  the  Coefficient 
of  Dual  Induction. 

Special  interest  has  been  shown  in  turbofan  engines  and  particularly 
in  twin-ducted  jet  engines  with  a  great  degree  of  dual  induction  y^. 

The  relationship  of  the  basic  parameters  of  engines  of  specific 
fuel  expenditures  end  specific  draught  to  the  degree  of  dual  induction 
and  to  the  temperature  of  the  gases  in  front  of  the  turbines  is  shown 
in  Figure  126.  The  quantity  of  air,  flowing  through  the  engine,  equals 


where  -  quantity  of  fuel  supplied  per  hcur; 

1Q  -  quantity  of  air,  theoretically  necessary  for  total  combustion 
of  the  fuel; 

a*  -  coefficient  of  air  surplus. 

It  is  obvious  that  the  dimensions  of  the  engine  must  be  larger,  the 
larger  the  expenditure  of  air  passing  through  the  engine.  In  order  to 
decrease  the  dimensions,  in  conditions  for  maintaining  the  required 
draught  constant,  it  is  necessary  to  increase  the  specific  draught. 

In  Figure  126  it  is  shown  that,  for  each  coefficient  of  dual  .in¬ 
duction  there  exists  an  optimum  temperaturo  rate  corresponding  to  the 
minimum  specific  fuel  expenditure,  i.e.  the  most  expedient  rate  of 
movement  is  that  of  economy.  This  rate  simply  corresponds  to  the 
determined  quantity  of  specific  draught,  ile.  tha  determined  dimensions 
of  the  engine.  The  high  degree  of  dual  induction  y^  =  2.0  the  specific 

fuel  expenditure  is  low,  c  =  0.84  kilograms  of  kilogram  force  of 

draught  per  hour,  but  in  return  the  dimensions  of  the  engine  are  great. 
The  minimum  coefficient  of  dual  induction  y^  =  0  (turbojet,  engine)  means 
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that  the  dimensions  of  the  engine  are  small,  but  there  is  great  amounts 
of  specific  fuel  expenditure  cg  =  0.92  kilograms  of  kilogram  force  of 

draught  per  hour. 

The  optimum  meanings  of  lie  in  the  limits  of  =  0.7-1. 2. 

Turbofan  engines, compared' to  the  average  turbojets,  have  the  following 
advantages:  less  specific  fuel  expenditure;  less  weight  at  a  given  draught; 
a  higher  relation  of  take-off  draught  to  cruise,  which  particularly  is 
essential  for  ACVs;  and  a  lower  (10-15  decibels)  noise  level  because 
of  less  speed  of  ^low  in  the  jet  stream. 

Special  construction  is  necessary  in  turbofan  engines  to  reverse 
draught.  In  this  case,  when  the  engine's  fans  are  situated  in  the  tail 
•or  there  is  a  common  exhaust  nozzle  for  both  ducts,  they  may  be  situated 
in  common  alignment  (turning  simultaneously  both  the  air  and  the  bases 
inside  the  duct  to  create  reverse  draught)  or  in  moved  cones  [18] . 

A  final  review  of  the  propelling  agents  of  ACV's  follows  the 
notation  concerning  the  special  non-amphibious  type  craft.  -  craft 
with  sidewalls,  in  American  terminology  "craft  using  the  principle 
of  the  captured  air  bubble"  (CAB). 

The  elimination  of  amphibiousness  permits  the  use  of  quality 
propelling  agents,  operating  wtih  water  instead  of  air.  An  increase 
in  the  density  of  the  operating  environs  (800  times)  allow  a  sharp 
decrease  in  the  dimensions  of  the  propelling  agent  and  to  lower  the 
load  coefficient,  i>.e.  to  raise  the  efficiency  of  the  propelling 
agent . 

Propeller  screws,  semi -submerged  propeller  screws,  and  water- 
-jet  propelling  agents  are,  also  used  in  ACV's.  '  One  ACV  with  propeller 
screws  is  the  English  D-2  craft  from  the  Denny  Hovercraft, firm ,  pic¬ 
tured  in  Figure  25.  Computations  for  propeller  screws  and  water  jet 
propelling  agents  of  ACV's  may  be  carried  out  by  the  well-known  methods 
[1],  [18]. 
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CHAPTER  V.  THE  ACV'S  MANEUVERING  QUALITIES 

21.  General  Information  About  the  ACV's  Maneuvering  Qualities 

Air  cushion  vehicles  are  a  means  of  transportation,  occupying  an 
intermediate  position  between  ordinary  craft  and  flying  machines. 

AC'/s  must  possess  maneuvering  qualities  inherent  both  in  flying 
machines  (for  example,  altitude  maneuvers,  movement  on  an  air  cushion 
and  on  an  air  bubble,  and  in  a  water  displacement  position)  and  in 
ordinary  craft  (for  example,  backwards  movement.) 

Maneuvering  qualities  are  those  which  enable  an  ACV  to  change  its 
position  (at  all  three  coordinates)  at  a  definite  period  of  time  and 
speed-  vector  (by  amount  and  direction.) 

The  ACV's  maneuvering  qualities  may  be  attributed  to  control  and 
proper  maneuverability.  • 

An  air  cushion  vehicle,  having  six  stages  of  freedom  along  each  of 
three  fixed  coordinates  of  axes  which  coincide  in  a  suspended  mode  with 
rigidly  constrained  axes,  the  beginning  of  which  we  assume  in  the  center 
of  gravity1  may  perform  translational  (lift  height,,  longitudinal  and 
side  drive)  and  fluctuating  shifts,  turning  dsplacements  (list,  difference 
and  yaw)  and  angles  of  fluctuating  shift  are  possible  relative  to  the 
center  of  gravity  around  three  coordinates  of  axes. 

The  ability  of  the  ACV  to  change  its  position  in  space  and  speed 
vector  as  a  result  of  rotating  around  the  center  of  gravity  we  shall 
call  "controllability." 

The  ability  of  the  ACV  to  change  its  position  in  space  and  speed 
vector,  due  to  translational,  displacement,  we  shall  call  "maneuverability." 

As  has  already  been  stated  in  Chapter  I,  the  ACV  may  be  one  of  two 
types,  suitable  for  movement: 

a)  with  total  separation  from  the  water'  and 

b)  with  an  incomplete  separation  from  the  water,  i.e.,  craft  with 
partial  discharge. 


1  We  also  assume  that  the  center  of  gravity  coincides  with  the  center 
of  the  mass. 
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Two  extreme  positions  in  reference  to  height  are  possible  for  both 
types  of  ACVs: 

1)  during  movement  without  utilizing,  for  one  reason  or  another, 
an  air  cushion; 

4 

2)  during  movement  at  maximum  lift  height. 

In  the  first  case  (and  for  the  ACV  with  partial  discharge  in  the 
second  case  also) ,  the  movement  of  an  ACV  is  not  much  different  from 
movements  of  a  conventional  craft  and  its  maneuvering  qualities  should 
be  analyzed  by  methods  acquired  from  examination  of  water-displaced  craft. 
The  ACV's  movement  with  total  separation  from  the  water  (in  the  second 
case)'  will  occur  in  the  air  (with  h  =  0  -  h  .  ,  wherd^h  .  is 

maximum  lift  height  above  water).  This  particular  rate  of  the  ACV's 
movement  with  total  separation,  will  be  fully  covered  in  Chapter  V. 

As  already  stated  above,  the. control  devices  are  the  mechanisms 
which  allow  for  the  creation  of  forces  and  moments,  necessary  to  control 
the  ACV. 

The  ACV's  control  devices  are  expediently  divided  into  basic  and 
auxiliary,  taking  into  account  the  great  amount  of  literature  on  patents 
and  equipment  used  in  experimental  air  cushion  craft.  By  why  of  analogy, 
with  water-displaced  craft  it  is  necessary  to  regard  the  steering  gear, 
which  provides  a  steady  or  changing  course,  as  a  basic  control  devices. 

To  the  auxiliary  control  devices  (steering  gear)  may  be  attributed 
equipment  for  creating  forces  and  moments  in  a  horizontal  plane  for 
controlling  drift  and  yaw  (and  according  to  course-in  supplementing 
the  steering  gear),  as  well  as  equipment  for  creating  forces  and  moments 
in  longitudinal  and  transverse-vertical  planes  for  controlling  suspension 
height  by  list  and  trim  difference. 

On  the  majority  of  designed  craft,  to  have  first  rate  steering  gear, 
vertical  aerodynamic  rudders  (vertical  tail  units)  are  provided. 

At  the  present  time  the  most  widely  used  tail-unit  arrangements  on 
the  ACV  are  the  following: 

1)  The  mobile  part  of  the  tail  unit  (rudder)  is  directly  behind 
the  stationary  part  (stabilizers)  and  is  a  direct  continuation  of  it. 

The  tail  unit  is  situated  to  the  rear  of  the  air  screws  and  Ts"blbwn  upon 
by  a  stream  of  air  escaping  from  the  operating  propelling  agent  (VA-3).' 

2)  The  rudders  are  sitauted  to  the  rear  of  the  air  screws  in  a  ring 
("Neva")  or  in  a  nozzle  (SKMR-1)  or  to  the  rear  of  open  air  screws 
("Raduga") . 
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Besides  this,  different  combinations  and  combined  arrangements  are 
possible. 

In  addition  to  the  first  arrangement,  stabilizers  may  be  provided, 
situated  outside  the  air  stream  zone  from  the  propelling  agents  (SRN3), 
and  in  addition  to  the  second  arrangement,  stabilizers  situated  in  the 
stream  or  outside  the  stream  from  the  screws  ("Sormovich") . 

Auxiliary  surfaces  may  be  set  up  besides  the  basic  rudder  and 
stabilizer,  for  example  rotary  (SRN2,  SRN3)  or  stationary  pylons  of  the 
propeller  agents  (SRN5) . 

Individual  peculiarities  may  also  be  evident  in  different  ACV  tail 
unit  arrangements,-  for  example  the  bow  stabilizer  and  ah  additional  stream 
of  air  from  the  receiver  (SRN5)  over  the  rudders ;  the  VA-3  bow  free 
orienting  rudders  with  trimmers  (removed  afterwards),  and  otherfe. 

The  following  primary  tail  unit  complex  may  be  isolated  from  among 
the  numerous  variants: 

isolated  rudder  in  combination  with  an  isolated  stabilizer; 

a  Lstabilizer  in  combination  with  a  rudder  behind  the  stabilizer 
(with  a  flap  or  without  it) . 

The  complex,  as  a  rule,  is  placed  in  the  air  stream  from  the  propel¬ 
ling  agent. 

Rotary  propelling  agents  are  employed  on  the  English  ACV,  SRN4  for 
-a  first  rate  rudder  system.  Besides  this,  the  well-known  first  rate 
rudder  system  of  louvered  propelling  agents  and  independent  jet  nozzles 
(jot  stream  rudders)  is  used. 

r 

The  size  of  the  moment  in  relation  to  the  vertical  axis  Oy  may  be 
modified  utilizing- the  jet  stream  rudders  by  changing  the  area  of  the 
nozzle  hole  passage  (or  the  speed  of  the  jet  flow).  With  this  method 
of  control,  the  following  variants  are  possible: 

1)  feeding  air- to  the  jet  stream  rudders  originates  in  the  common 
receiver.  In  this  case,  effective  control  is  possible  only  with  great 
pressure  in  the  receiver,  when  high  speeds  of  air  flow  may  be  received 
from  the  nozzles  and,  correspondingly,  great  enough  side  force  and  its 
moments . 

2)  Supply  of  air  (gas)  to  the  jet  stream  rudders  originates  from 
independent  fans  or  jet  engines.  In  this  case,  changing  the  jet  stream 
parameters,  creating  forces  and  moments  which  are  necessary  for  control, 

is  accomplished  irrespective  of  the  power  plant  operating  rate  to  create  the 
air  cushion. 
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Qualitative  comparison  of  controls  of  ACV  models  with  the  help  of 
rotary  screws  (propelling  agent)  and  jet-stream  rudders  (jet  nozzles) 
is  illustrated  in  Figure  127. 


Figure  127.  ACV  Control  with  the  Aid  of  Rotary  Screws  and  Jet-Stream 
Rudders:  a.  Turning  with  the  Aid  of  Rotary  Screws;  b,  Turning  with 
the  Aid  of  Jet-Stream  '.udders.  1,  Necessary  course,  turning  with  the 
aid  of  rotary  propelling  agents;  2,  Necessary  course,  turning  with 
theaid  of  lateral  jet  forces;  T,  Direction  of  thrust  of  the  screws; 
D,  Direction  of  aerodynamic  forces;  F,  Direction  of  thrust  of  jet- 
-stream  rudders;  I  —  I V;  Position  of  the  ACV  at  various  consecutive 
moments  of  time. 


While  the  blades  are  rotating  to  the  left  for  executing  a  right 
turn,  inertia  is  created  for  turning  the  ACV  clockwise.  After  a  while 
(Figure  127  a)  the  ACV  model  is  set  45°  to  the  right  and  is  ready  to 
shift  to  a  newly  given  course,  however,  the  inertai  turning  the  ship  in 
a  clockwise  direction  is  still  there.  In  order  for  the  model  to  cease 
further  rotation,  it  is  necessary  to  turn  the  blade  to  the  left  from  the 
DP  and  thus  remove  the  turning  inertia  around  the  center  of  gravity. 

But  when  the  model's  angular  rotating  speed  around  the  center  of  gravity 
decreases  to  zero,  the  vector  of  thrust  is  not  in  the  direction  of  the 
course  and  it  is  necessary  to  turn  the  blade's  axis  again.  Thus,  in 
order  to  maintain  the  model  on  course  it  is  necessary  to  change  the 
direction  of  the  propelling  agent's  thrust  often  (for  several  seconds). 
In  Figure  127  b,  the  model's  control  system  is  illustrated  where  the 
clockwise  turn  occurs  due  to  the  action  of  the  left  bow  and  right  stern 
jet  nozzles.  It  is  evident  from  Figure  127  b  that  any  inertia  may  be 
neutralized  in  this  manner,  creating  a  force  of  resistance  during  the 
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turn  without  changing  the  direction  of  thrust  which  immediately  after 
the  turn  proceeds  to  a  new  course. 

The  method  of  control  with  the  help  of  jet-stream  rudders  having  an 
independent  air  supply  is  considered,  theoretically,  the  most  effective 
since  it  permits,  without  changing  the  operating  mode  of  the  main  engines, 
provision  for  necessary  control  both  during  suspension  and  while  the 
ship  is  in  motion.  However,  adopting  this  method  in  practice  has  its 
drawbacks  connected  with  equipment  difficulties  and  independent  systems 
operation  not  warranted  in  the  ACV's  small  displacement.  Of  the  two 
methods,  the  preference  now  is  for  control  with  the  aid  of  rotary  engines 
(SRN2,  SRN3  and  SRN4) .  ’Water  rudders  are  possible  for  use  on  ACVs  with 
chamber  and  other  systems  which  create  an  air  cushion,  providing  an 
insignificant  or  less  than  total  separation  from  the  water. 

The  necessity  for  placing  additional  equipment  on  the  ACV,  creating 
forces  and  moments  in  a  horizontal  plane  for  controlling  side  drift  and 
yaw  is  developed  on  the  one  hand,  because  of  absence  of  stability  of  the 
ACV  during  suspension  in  relation  to  the  disturbance  effected  by  the  shift 
of  the  mass  center  along  the  longitudinal  and  lateral  axes  and  rotation 
in  relation  to  the  mass  center  around  the  vertical  axis.  On  the  other 
hand,  such  installation  is  due  to  the  appearance  of  horizontal  forces 
because  of  the  resultant  reaction  in  air  tilting  of  the  ACV  relative  to 
the  longitudinal  and  lateral  axes  causing  their  drift  toward  the  incline. 
Besides,  steering  on  course  with  aerodynamic  rudders  is  effective  only 
at  high  speeds  when  the  inflowing  air  stream  is  great  enough. 

These  circumstances,  under  certain  conditions,  may  severely  handicap 
the  ship's  steering  in  a  horizontal  plane,  especially  in  wind  and  swells. 
That  is  why  it  is  advantageous  to  utilize  special  equipment  for  creating 
forces  and  moments  in  a  horizontal  .plane,  in  addition  to  the  basic  steer¬ 
ing  devices.  Jet  nozzles  (jet  streams)  in  particular  may  be  utilized  as 
first  rate  devices.  Jet  power  from  exh'aust  gas  streams  of  gas  turbine 
engines  may  be  utilized  along  with  jet  nozzles  for  creating  moments  to 
compensate  for  yaw.  To  this  effect,  one  may  use  control  devices  in  the 
form  of  deflectors,  set  up  in  exhaust  gas  stream  of  a  gas  turbine  engine. 
On  an  ACV  having  two  air  screws  arranged  symmetrically  in  regards  to  the 
surface  diameter,  the  utilization  of  draught  variances  is  the  most  ef¬ 
fective.  If  they  are  variable  pitch  screws,  then  the  draught  variance 
may  be  produced  in  two  ways:  by  changing  the  screw  pitch  and  by  changing 
the  engine  rpms  of  one  side  in  relation  to  the  screw  pitch  and  number  of 
engine  rpms  of  the  other  side. 

Of  course,  by  mounting  several  rotary  engines  all  the  problems  of 
controlling  the  ship  in  a  horizontal  plane  may  be  solved,  however,  it  is 
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not  always  advantageous  to  complicate  the  ship’s  design  with  rotary  engine 
pylons.  In  this  case,  several  methods  of  control  in  a  horizontal  plane 
are  employed  simultaneously  on  the  ship. 

Devices  in  various  combinations  are  also  specified  on  almost  ali 
the  ACVs,  for  creating  forces  and  moments  in  longitudinal  and  transverse 
vertical  planes  for  controlling  suspension  height  by  list  and  trim  dif¬ 
ference. 

Controlling  suspension  height  may  be  achieved  most  simply  and 
economically  by  changing  the  quantity  of  air  being  supplied  to  the  air 
cushion  by  regulating  the  operating  rate  of  the  fans,  the  fan's  blade 
angle  or  the  bladq.  angle  of  the  controlling  device. 

Furthermore,  in  a  nozzle  arrangement  this  problem  may  be  solved  by 
symmetrically  changing  the  geometric  parameters  of  the  nozzle  device  due 
to  the  change  in  nozzle  width  (moving  one  of  the  walls  forming  the  nozzle, 
to  maintain  the  nozzle's  profile)  or  the  incline  angle  of  the  symmetrical 
nozzle  parts  separated  at  the  bottom  into  individual  parts  (for  the  ACV 
without  flexible  skirts.  However,  it' must  be  noted-  that  changing  the 
suspension  height  or  movement  is  possible  within  extremely  insignificant 
limits.  Shifting  from  a  displacement  position  into  a  suspended  mode 
above  the  water,  the  craft  is  raised  to  a  height  equal  to  the  sum  of 
immersion  height  of  the  flexible  skirts,  and  height  of  clearance  of  the 
air  space  between  the  base  surface  and  lower  edge  of  the  flexible  skirts. 
The  clearance  of  an  ACV  with  a  flexible-skirted  air  cushion  changes  very 
little  and  usually  consists  of  5-10  centimeters. 

List  and  trim  difference  control  may  be  achieved  at  the  expense  of 
asymmetrical  changing  of  the  geometric  parameters  of-  the  nozzle  device 
(for  nozzle  arrangement)  and  the  aerodynamic  parameters  of  the  air  stream 
directed  to  it.  Using  this  method,  the  following  variants  are  possible: 

width  control  of  separate  parts  of  the  nozzle  device; 

regulating  the  incline  angle  of  asymmetrical  parts  of  the  nozzle 
(in  the  absence  of  flexible-skirts); 

controlling  the  supply  of  air-  to  the  asymmetrical  nozzle  parts 
under  a  uniform  nozzle  width  and  their  unchangeable  incline  angle; 

asymmetrical  change  of  height  of  the  flexible  skirts,  etc. 

Independent  trim  difference  control,  when  the  control  devices  do 
not  affect  the  aerodynamic  properties  of  the  air  cushion,  is  possible 
at  tiie  expense  of  applying  horizontal  aerodynamic  rudders  or,  for  example 
ballast-trim  difference  systems,  etc. 
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Thus,  as  we  see,  there  are  various  devices  for  controlling  air 
cushion  vehicles.  The  devices  are  varied  and  complex  on  constructed 
experimental  air  cushion  craft.  By  way  of  an  illustration,  we  will  cite 
a  description  of  devices  on  three  ACVs,  essentially  different  from  each 
other:  the  CC-2.001,  the  SRN3  and  the  SRN5. 

The  ACV  CC-2.001  was  developed  for  testing  without  flexible  skirts. 

The  forced  air  equipment  consists  of  two  counter-rotating  fans  (bow  and 
stem).  On  the  ACV,  there  is  a  right-angle  shaped  peripheral  nozzle  with 
two  longitudinal  stability  nozzles.  ACV  control  devices  consist  of 
directional  blades  and  rotating  panels,  mounted  in  the  nozzles. 

The  rotating  panels  are  mounted  directly  on  the  bow  and  stem  parts 
of  the  transverse  nozzles.  They  are  able  to  support  the  width  changes 
and  nozzle  covering  in  these  parts.  These  same  panels  are  provided  for 
in  the  longitudinal  nozzles. 

Moveable  control  blades  are  mounted  in  both  nozzles  ensure 
stability.  They  can  generate  an  air  current  incline  fr  1°  in  the  bow 
to  50°  in  the  stem  (from  the  vertical).  Stationary  bj..  ^  with  a  constant 
30°  incline  angle  in  the  stem  are  on  a  large  part  of  the  longitudinal 
periphery  of  the  nozzles. 

Draught  force  for  the  craft  and  its  control  either  in  the  bow  or 
stem  is  developed  by: 

utilizing  stationary  blades; 

shifting  the  blades  in  the  nozzles  thereby  ensuring'  stability; 

covering  the  bow  or  stem  transverse  currents  with  panels; 

trim  difference  through  ballast. 

Yaw  control  was  intended  to  be  ensured  by  tilting  the  moveable 
blades  of  the  right  and  left  sides  in  opposite  directions,  however,  their 
effect  proved  to  be  insufficient.  It  was  revealed  that  rotating  panels 
in  longitudinal  peripheral  nozzles  could  be  utilized  for  yaw  control. 
Furthermore,,  there  was  a  certain  tendency  to  yaw  when  using  the  rotating 
panels  in  transverse  nozzles.  All  these  methods  were  utilized  while  the 
craft  was  underway  and  in  every  instance  an  almost  identical  moment  of 
yaw  was  provided.  -  The  craft's  movement  in  a  lateral  direction  was  pro¬ 
vided  by  the  rotating  panels  in  the  longitudinal  peripheral  nozzles, 
which,  when  covered  on  or,e  side,  produced  a  bank  toward  that  side. 
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W:\th  the  necessity  of  ensuring  the  craft's  suspension,  a  large  part 
of  the  force  designated  for  control  was  utilized  for  compensating  reacting 
draught,  ni£.king  control  of  the  craft  impossible. 

:  I  ! 

It  appeared  expedient  to  pitch  the  ship  toward  the  stern  to  compen¬ 
sate  for  the  draught  developed  by  the  stationary  blades  while  in  a 
suspended  mode  and  while  maneuvering  at  low  speeds.  But  this  had  an 
adverse  effect  on  the  speed.  : 

l 

Control  of  the  ACV  SRN3  is  achieved  by  the'  action  of  the  screws  on 
rotating  pylons,  moveable  and  immovable  stabilizers,  rudder  and  screw- 
-rudder ;complexes  (submerged  in  the  water).  The  moveable  stabilizer 
turns  automatically  as  the  stem  pylon,  connected  mechanically  to  the 
stabilizer,  rotates.  The  maximum  turn  angle  of  the  stabilizer  is  ±20° 
and  the  maximum  turn  angle  of  the  rudder  is  -40°.  To  deviate  from  course 
while  in  a  forward  motion,  the  pylons  are  rotated  in  various  directions, 
and  the  transverse  draught  of  the  screws  develops  a  pair  of  forces  which 
turns  the  craft.  To  turn  the  craft  while  the  craft  ds  stationary,  the 
helmsman,  must  impart  to  one  screw  forward  draught  and  to  the  other'  reverse 
draught  to  rotate  the  pylons  to  one  side. 

i 

While  the  pylons  rotate  in  one  direction  and  the  screws  work  in 
one  direction,  the  transverse  draught  of  the  screws  and  the  reaction  of 
the  stabilizer  and  rudder  cause  the  craft  to  list  and  drift.  This  method 
of  control  may  be  utilized  for  counteracting  a  headwind  or  for  compen-  4 
sating  an  asymmetrical  load.  The  flexible  skirt  may  also  be  raised  and 
lowered.  j 

The  SRN5  craft  is  controlled  with  the  aid  of  two  stabilizer,  as  well 
as  vertical  and  horizontal  rudders.  Horizontal  rudders  serve  to  alter 
the  trim  difference  of  the  ship.  At  the  first  ACV  trials  it  was  estab¬ 
lished  that  the  static  stability  on  course  was  excessive.  Therefore, 
the  height  of  the 'stem  stabilizers  was  lowered,  and  additional  stabilizer 
(on  the  deck  cabin)  was  mounted  to  the  bow  from  the  ship's  center  of  , 
gravity  and  in  the  stern- jet  rudders  consisting  of  '■wo  flat  air  ducts 
connected  to  a  receiver  and  a  portion  of  the  external  surfaces  of  the 
vertical  rudders  rotating  with  them.  This  additional  equipment  ensures 
yaw  control  at  low  speeds.  The  air  flow  from  the  air  ducts  does  not  ' 
bring  about  any  noticeable  decrease  in  the  lift  forces  of  the  craft  andi 
develops  a  reacting  draught  (base)  significantly  lower  than  the  screw  base. 
When,  it  becomes  necessary  to  r  p  the  craft  fully,  the  reaction  draught 
is  compensated  for  by  reversii.  :he  screw  pitch.  To  prevent  side’  drift1, 
a  device  is  mounted’ on  the  cralt  for  lifting  the  flexible  skirt.  The 
lift  of  two  sections  of  the  flexible  skirt  on  the  corresponding  side 
creates  iist  and  and  produces  a  side  force,  impeding  side  drift  while 
in  a  turn.  The  rudders  are  sufficiently  effective  during  movement  at 
high  speeds,  but  the  force  developed  at  the  bow  stabilizer  while  in  a 
turn  produces  an  adequate  internal  list  for  input  into  a  circulation  which 
has  been  set  up.  , 
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j  The  test  results  of  these  three  craft  demonstrated  that  such  a 
complex  as  that  used  for  controlling  the  ACV  CC-2.001  cannot  provide 
the  necessary  control  and  maneuverability,  especially  in  wind  and  swells. 
The  remaining  two  models  offer  s-atisfactqry  maneuvering  qualities  and 
are  roughly  the  same.  ,  : 

1  ! 

We  shall  turn  to  Figure  128  (the  two-digit  numbers  -in  the  chart  = 

=  time  in  seconds)  for  a  qualitative  evaluation  of  ACV  controllability 
without  .flexible  skirts  in  comparison-  with  other  fas‘t  moving  craft. 
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Figure  128.  Comparison  of  Maneuver 
Characteristics  of  ACVs  and  Hydrofoils. 
1,‘40  knots;  2,  40  knots;  3»  60  knots; 
4,  80  knot's ;' 5, :  100  knots,  r  — 

-  hydrofoil  craft;  - ,  ACVs. 


Longitudinal  displacement, 
' ,  ’  in  tons  . 
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j  The  curve  1  in  Figure  128  shows  that  ordinary  hydrofoil  craft  at 
speeds  of  40  knots  make  A  .180°  turn  in  30  seconds,  having  a  turning 
circle  400  meters  In  diameter  and  a  side  acceleration  of  0.2  gs.  Curves 
2  to  5  ar^  plotted  for  an  ACV  moving  with  a  drift  of  30°  (which  creates 
■a  centripetal  force  from  the  screw  on  the  turning  circle  equal  to  P/G  = 

=  0.06)  and  while  using  lateral  jet  nozzles  with  a  relative  thrust  of 
P/G  =  0.05.  It  is  evident  from  Figure  128  that  90-180°  turns  for  an 
ACV  at  speeds  of  60-100 .Knots,  requires  an  extremely  large  amount  .of  space 
and  time,  and  a  reduction  in  speed ;is  recommended  when  these  turns  are 
'made.  Attempts  to  improve  an  ACV's  maneuverability  with  a  nozzle  arrange¬ 
ment  by  lowering  a  keel  (rudder)  into  the  water  are  met  by  difficulties 
because  it  would  be  necessary  to  install  keels  of  excessive  lengths,  and 
:  also  because  of  excessive  outboard  list  in  turns. 

*  l 

Using  extended  keels  is  considered  expedient  while  operating  an  ACV 
.on  level  water  surfaces  and  as  an  emergency  measure  for 'improving  the: 
'maneuverability  while  passing  are^s  with  large  volumes  of  traffic. 

FiguVe  129  depicts  the  relationship  of'  th!e  turning  radius  of  certain 
ACVs  to  speed.  It  follows  from  this  figure  in  particular,  that  added 
control  with  flexible  skirts  significantly  lowers  the  established  turning 
radius  (for  the  SRN6  more  than  50)%) .  Cprtaijn  maneuverability  elements 
Of  constructed  ACVs  ate  given  iri  Table* 12.  .  '  ' 
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Figure  129.  Relationship  of  an  ACV's  Turning 
Radius  to  Speed.  «,  SRN6;  A,  SRN6  (with 
control  by  flexible  skirts);  0,  SRN5. 


TABLE  12.  SOME  ELEMENTS  OF  MANEUVERABILITY  OF  SRN5  AND 

SRN6  AC Vs. 


ACV 

ti  on 
sec) 

knots) 

time , 

Oversi 

(relj 

loot 

stive) 

[ 

Surmountable 

incline 

fO  " — 
L- 

<D  ** 

0)  E 
o  — 

O  4J 
< 

4-  ^ 
O 

T> 
<D  0) 
Cn  Q) 
C  ,  Q. 
OJ  t/> 
CC 

cn 

c*- 
—  c 
a 

fl)  u 
U 

cn 

In  normal 
condi tions 

In  emergency 
cases 

SRN5 

76 

0-70 

33 

41.6  L 

11.3  t 

1:6  in  a  suspended 
mode. 

1:3  in  lift  at  an 
incline  wi th  primary 
speed  of  23  knots 

SRN6 

41 

0-50 

16.1  L 

7-4  L 

1:9 

It  is  considered  difficult  to  design  an  ACV  which  can  maneuver 
in  a  lateral  direction  with  an  acceleration  of  moire  than  O.lg  and 
while  braking  0.15-0.20g.  It  must  be  also  taken  into  consideration 
that  acceleration  to  attain  a  speed  of  80-100  knots  must  not  be  very 
great  (0. 05-0.10  g) . 
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■  -  Going  over  to  the  basic  theory  of  studying  the  ACV’s  maneuvering 
qualities,  we  will  notice  that  primary  attention  in  the  future  will 
be  devoted  to  ACV  controllability  inasmuch  as  ensuring  control  is 
precisely  the  most  important  and  complex  question  in  ACV  operation. 

The  study  of  controllability,  as  with  ordinary  craft,  is  based  on 
the  differential  equation  of  movement  and  the  study  of  external  forces, 
which  will  be  examined  in  the  following  paragraphs. 

For  studying  the  ACV'.s  behavior,  we  will  adopt  the  starboard 
coordinate  system  (Figure  130) . 


Figure  130.  Systems  of  Fixed  ^xgygZg^ »  R'9'dly 

Constrained  by  the  Craft  (Ox^y^)  Coordinate 
Axes . 


‘Fixed  coordinates  of  axes  (Ox  ,  Oy  ,  Oz  )  are  connected  by  calm 

s  s  s 

water  surfaces,  whereas  axis  0x^  is  arranged  in  a  calm  water  surface 

plane  in  an  arbitrary  direction,  axis  Oy  is  directed  upward  vertically, 

and  axis  Oz  is  normal  to  the  first  two  to  produce  a  starboard  coordinate 
g 

system  of  axes. 
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For  a  first  rate  mobile  coordinate  system,  the  Oxyz  system  is 
assumed,  the  beginning  of  which  coincides  with  the  ACV's  center  of 
gravity. 

Axis  Ox  is  directed  toward  the  bow  parallel  to  the  base  and  is 
called  the  longitudinal  axis,  axis  Oy  is  directed  upwards,  perpendicular 
to  the  axis  Ox  in  a  diametric  plane  and  is  called  the  normal  axis.  Axis 
Oz  is  normally  directed  to  the  symmetrical  plane  xOy  to  starboard 
and  is  called  the  transverse  axis. 

In  addition  we  will  introduce  the  speed  (.flowing  axes)  coordinate 
axes  0x1  The  initial  coordinates  of  this  system  also  coincide 

/lzl 

with  the  ACV's  center  of  gravity.  Axis  Ox^,  directed  along  a  mobile 

speed  vector  o.c  the  ACV's  center  of  gravity  (i.e.,  opposite  the  speed 
of  air  flow),  is  called  the  speed  axis.  Axis  Oyj  is  directed  per¬ 
pendicular  to  the  OXj  axis  directed  upwards  and  is  called  the  lift 
force  axis. 

Axis  OZj,  normal  to  the  x^Oy^  plane,  also  depicts  a  starboard 
coordinate  system. 

In  order  for  the  ACV  movement  to  be  fully  known,  it  is  necessary  to 

know: 


a)  the  ACV's  pole  position  (center  of  gravity)  relative  to  the 

system  of  fixed  coordinates  of  axes  Ox  y  z  (translational  movement); 

8  8  8 

b)  the  position  of  the  axes  Oxyz,  rigidly  constrained  by  the  ACV 
in  relation  to  the  fixed  axes  (rotary  movement). 

To  determine  ACV  turning  in  relation  to  axes  Ox  y  z  ,  it. is 

8  8  8 

necessary,  as  is  well-known,  to  know  the  nine  angles  between  the  mobile 
and  fixed  axes.  However,  of  the  nine  angles  only  three  are  independent. 
That  is  why,  in  order  to  assign  the  position  of  axes  Oxyz  in  relation 

to  axes  Ox  y  z  ,  the  three  independent  angles  (Euler's)  are  designated 
8  8  8 

<p ,  iJj  and  0.  It  is  convenient  to  designate  them,  employing  three  con¬ 
secutive  turns  of  axes  Oxyz  [35] : 


first  tum--around  axis  Oy  to  angle  (yaw  angle); 

S 

second  tum--around  axis  Oz'  to  angle  ij;  (trim  angle); 
third  tum--around  axis  Ox  to  angle  8  (list  angle) . 
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Parameters  <0,  $  and  0  are  kinematic  parameters  of  rotary  movement. 

Translational  movement  is  assigned  a  speed  vector  of  the  ACV’s 
center  of  gravity  oriented  in  relation  to  axes  Oxyz,  where  this  vector 
is  determined  by  two  angles  a  and  8,  where  a  is  the  angle  of  attack, 
the  angle  between  the  projected  vector  speed  of  the  ACV’s  center  of 
gravity  c-n  the  plane  xOy  (Ox"’)  and  the  direction  of  the  longitudinal 
axis  Ox;  8  is  the  drift  angle,  the  angle  between  the  direction  of  the 
speed  vector  of  the  ACV's  center  of  gravity  and  the  projected  vector 
on  the  plane  xOy.  Parameters  a  and  8,  as  well  as  speed  vector  V  are 
the  kinematic  parameters  of  translational  movement. 

We  shall  examine  the  forces  acting  on  the  ACV  in  projections  of 
axes  of  systems  of  coordinate  Oxyz,  rigidly  constrained  by  the  craft. 

In  transitory  motion  the  projection  of  external  forces  on  these 
axes  and  their  moments  depend  on  the  kinematic  parameters  of  movement 
examined  above  and  on  all  these  parameters  carried  out  in  time,  however, 
this  dependence,  in  the  average  case,  is  nonlinear. 

In  order  to  give  the  linearized  analytical  expressions  for  the 
questioned  projections  of  forces  onto  connected  axes  and  their  moments, 
we  will  use  the  steady  state  hypothesis,  i.e.,  we  will  assume  that  the 
forces  and  moments  at  some  moment  of  time  are  the  same  during  non¬ 
steady  state  motion  as  during  steady  state  motion  with  the  same  kine¬ 
matic  parameters . 

In  the  ensuing  discussion,  we  will  examine  the  sums  of  the  pro¬ 
jections  of  all  forces  and  their  moments  acting  on  the  ACV,  i.e.. 


=  SK,  =  y;  SZ,  =  Z; 


In  the  general  case  forces  and  their  moments,  among  which  are  the 
main,  auxiliary  or  those  preventing  hovering  or  motion  of  the  ACV,  and 
artificial  (control),  used  for  altering  or  overriding  the  main  forces, 
act  on  ACV  with,  a  flexible  air  cushion  skirt. 


We  will  examine  the  following  main  forces  and  moments. 


1)  aerodynamic  forces  and  moments; 

a)  forces  and  moments  created  by  the  headwind  on  the  hull 
of  the  vessel  and  its  flexible  enclosure  (forces  and  moments  of  the 
external  aerodynamics  of  the  ACV),  R  and  M  ; 

a  a 
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b)  forces  and  moments  created  by  the  pressure  of  the  air 
cushion  on  the  bottom  of  the  ACV,  R  and  M  ; 

P  P 

c)  forces  and  moments  created  by  the  reaction  of  the  intake 

and  exhaust  air,  R  and  M  : 

r  r 

d)  forces  and  moments  created  by  the  flowing  of  good  air 

through  the  internal  ducts  (forces  and  moments  of  internal  aerodynamics) 

R.  and  M. . 

1  1 

2)  Hydrodynamic  forces  and  moments: 

a)  forces  and  moments  caused  by  the  interaction  of  the  air 

cushion  and  water  surface,  R  ,  M  ; 

v  v 

b)  forces  and  moments  caused  by  the  interaction  of  the  flexible 

skirt  and  air  jets  with  the  water  surface.  R_  and  Nh. 

f.s.  f.s. 

3)  Weight  of  the  vehicle  G. 

We  will  examine,  moreover,  the  controlling  forces  and  moments, 
including: 

a)  forces  and  moments  created  by  the  rudder,  R  and  M  ; 

1  ru  ru 

b)  forces  and  moments  created  by  the  working  engines,  R  and  M 

r  Q  Q 

§22.  Forces  and  Moments  Unrelated  to  Air  Cushion 

We  will  examine  the  forces  and  moments  acting  on  a  moving  ACV  and 
unrelated  to  the  air  cushion.  These  forces  and  moments  include  the 
following: 

aerodynamic  forces  and  moments  on  the  hull; 
forces  and  moments  created  by  the  rudder; 
forces  and  moments  created  by  the  engines; 
weight  of  vehicle. 

The  force  of  weight  G  of  the  vehicle  on  the  Oxyz  axis  produces  the 
projections: 
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Here 


=  GsJmJi; 

Yq  =  —  Geos  <}>  cos  0; 

ZQ  =  Geos  <|>  sin  0. 

0  ~  MyQ  =.^]rQ  —  0.  * 


(224) 


Aerodynamic  Forces  and  Moments  on  Hull  and  Rudder  of  ACV 

The  presence  of  the  air  cushion  beneath  the  hull  in  ACV  leads  to 
asymmetric  distribution  of  that  component  of  normal  stresses  which  de¬ 
velops  on  the  hull  of  the  ACV  due  to  the  oncoming  air  flow  and  is 
attributed  to  static  air  pressure. 

The  forces  produced  by  this  component  are  related  to  one  of  the 
basic  categories  of  external  forces  acting  on  ACV.  They  comprise  the 
principal  part  of  external  forces  applied  to  ACV  on  the  air  cushion 
side,  Ra4  and  Ma4  (see  §11,  Chapter  II). 

The  second,  component  of  normal  stresses  caused  by  exce'ss  dynamic 
pressure,  and  also  tangential  stresses  -chat  develop  only  during  motion 
of  the  air  in  relation  to  the  body,  govern  the  actio  of  ordinary 
aerodynamic  forces  and  moments  (r*al»  Mal>  see  §11,  Chapter  II). 

The  problem  of  determining  the  normal  and  tangential  stresses  on 
the  surface  of  a  moving  fcodv  has  not  yet  been  solved  by  hydromechanics, 
even  for  relatively  simple  bodies.  Therefore  we  will  use  the  expres¬ 
sions  for  aerodynamic  forces  and  moments  in  a  form  reflecting  geometric 
and  dynamic  similarity  and  making  it  possible  to  use  the  experiment: 

Longitudinal  aerodynamic  force 


(225) 


Normal  aerodynamic  force 


(226) 
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Transverse  aerodynamic  force 


za 

=?  czJI^6ok'' 

(: 227 ) 

Aerodynamic  moment 

of 

roll 

Af, 

ft 

=  mxfS6oxL'> 

(228) 

Aerodynamic  moment 

of 

yaw 

(229) 

Aerodynamic  moment 

of 

trim 

=  mzJS60*L’ 

(230) 

where  q  =  1/2  pV2'is  dynamic  pressure; 

9 

L  is  the  length  of  the  vehicle; 

Sfook  is  the  area  of  lateral  projection  of  the  hull  and  skirt 
projections  onto  4ian>etral_ plane; 
is  the  area  of  projection  of  hull  onto  midplane; 

Sn  is  area  of  air  cushion; 

C  is  the  coefficient  of  longitudinal  aerodynamic  force; 
a 

C  is  the  coefficient  of  normal  aerodynamic  force; 

^a 

C  is  the  coefficient  of  transverse  aerodynamic  force; 
a 

m  is  the  coefficient  of  roll  moment; 
a 

mm  is  the  coefficient  of  yaw  moment; 
ya 

m  is  the  coefficient  of  trim  moment. 


Using  the  method  of  small  perturbations,  we  will  expand  the  aero¬ 
dynamic  forces  and  moments  into  Maclaurin  series  in  terms  of  angular 
velocities  and  we  will  retain  only  the  first  terms  in  them 


*.  -  S“‘+ 

z.=za  -  +p-ux  +  p-%+ 

*  *  a  (o  u)  d&x  duy  •  u®j  _  • 

,,  w  ,  3Mjt»  -  ,  3Mj,  -  ,  3Aira— 

Mr  —  Mv  .  0,  4*  — = —  wx  4*  --= — “y+ip —  *•' 

xz  xt  v®  ,  d&x  fi&y  0^2 

■  .  +f 

„  ,  dhUl  —  ,  dMz»-  .  SMli  —■ 

Mr  —  M '  ,,0_m  4-  -—=-=-  % 4- -3= —  w„  4-  “3=  <°i» 

*a  *a  w  da>x  dwu  y 
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where  uk  =  u  L/V  are  dimensionless  angular  velocities. 

The  first  terms  in  the  right-hand  side  of  (231)  are  positional, 
(translational)  forces  and  moments,  and  the  other  terms  are  their 
rotational  derivatives . 

For  further  simplification  of  the  problem,  disregarding  magnitudes 
of  the  second  order  of  smallness,  we  may  write  these  expressions  in  the 
following  form:. 

y  —'Y 

Aa  —  A»  («-0)  •  . 

Y  —  Y  • 

'i“'i  (»-0)  * 

■  .  y  ■  ■ 

M*,  -  M>,  1— W  +  ’Igf  .  (232) 


M.  =M 


r,  (m-o)  *,  ■ 


The  positional  forces  and  moments  are  written  in  the  following  form: 

(«-o)  =  X,t  4-  4*  *£•}>; 

y»  !«.™o)  =  y^  4-  y*'\\  (233 ) 

(»»0)  =  Zjp; 

=  AJjaPi 

lb  , 

Mya  (u.O)  =  My#P< 

.  (,^o  =  Afza^+Af*,^. 
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Later  on  we  will  examine  individually  the  aerodynamic  characteristics 
of  the  hull  and  aerodynamic  characteristics- of  the  rudder. 

Aerodynamic  Characteristics  of  Hull 

Proceeding  to  the  coefficients  and  considering  the  preceding  equations, 
we  obtain 


°xk  ~~  c*k,  +  exK?  -f-  CjSji; 

!  °yx  =  cyK,  +  cyKfr  ' 

■  mxK=mxJ+mx^>,;  . 

my  K  =  mtf  +  myfri 
m  =  mT  +.m*  6. 

1  ZK  ,  ZK,  *KJ 


(234) 


The  dependences  of  aerodynamic  coefficients  of  ACV  on  the  various 
parameters  are  more  complex  than  those,  for  example,  of  aircraft,  since 
in  addition  to  everything  else,  the  screen  and  artificially  created  air 
cushion  have  an  effect  on  the  aerodynamic  characteristics  of  ACVs. 

As  shown  by  experience,  however,  the  coefficient  of  moment  of  yaw 
m  ,  created  by  the  air  cushion,  is  small  in  value.  Therefore  we  may 
yn 

evaluate  the  aerodynamic  characteristics  in  the  first  approximation 
without  considering  the  influence  of  the  air  cushion,  i.e.,  on  the  basis 
of  the  results  of  ordinary  aerodynamic  tests. 

Aerodynamic  Characteristics  of  Hull  c^  ,  m^  ,  c^Y ,  and  m^y 

zk  yk  zk  Yk 

For  approximate  analytical  determination  of  these  aerodyanmic 
characteristics  of  the  hull,  we  may  use  the  theory  of  bodies  of  minimum 
elongation,  the  aerodynamic  characteristics  of  which,  given  small  angles 
of  attack  (drift),  are  proportional  to  the  elongati.  n  X  of  the  body, 
equal  to 


where  H  is  the  maximum  height  of  the  body. 
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Three  models  of  the  flow  of  air  past  the  body  were  examined  during 
the  analysis  of  isolated  bodies  of  minimum  elongation,  with  rectangular 
shape  in  projection  on  the  diametral  plane: 

non-circulating  flow  around  body; 

circulating  flow  around  body  with  elliptical  distribution  of 
circulation  with  respect  to  span  (K.  Vigkhardt’s  linear  theory)  [51] ; 


circulating  flow  around  body  with  constant  distribution  of  circula¬ 
tion  with  respect  to  span  [46] . 

Using  the  basic  requisites  of  the  last  two  problems,  we  obtain  the 
following  expressions  for  the  aerodynamic  characteristics  of  the  hull: 


#-**(1 ~xe);  . 

m?y  =  K-tee;’ 

—  ^[I  +  (1-¥j- 


(235) 


where  x^  is  the  dimensionless  coordinate  of  the  center  of  gravity  from 
the  wing  tip. 

According  to  linear  theory  the  coefficient  is  K  =  0.5. 

In  accordance  with  the  circulation  theory,  the  outcome  of  constant 
distribution  of 'circulation  with  respect  to  span,  coefficient  K  =  1. 

In  known  investigations  of  ACV  controllability  [62],  the  aerodynamic 
characteristics  of  the  hull  are  evaluated  on  the  basis  of  linear  theory 
of  a  detached  wing  of  minimum  elongation,  in  which  the  influence  of  the 
screen  on  the  characteristics  is  not  taken  into  account.  We  feel  that 
it  is  more  scientific  to  allow  for  the  influence  of  the  screen  effect. 

It  should  be  borne  in  mind  that  the  theoretical  solution  [47]  of 
the  problem  of  forces  acting  on  the  submerged  part  of  the  hull  of  a 
floating  vessel,  :is  on  a  body  of  minimum  elongation  in  the  form  of  an 
elliptical  cylinder,  yields  the  same  analytical  expression  for  linear 
load*  as  derived  in  [46]  for  a  thin  detached  wing  of  minimum  elongation. 


A  linear  load  is  transverse  load  (elementary  hydrodynamic  reaction  in 
the  transverse  plane)  per  unit  of  length  of  the  diametral  plane 
Az/Ax  for  Ax  •*  0. 
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if  the  span  of  the  body,  equivalent  to  the  hull,  is  assumed  equal  to  two 
draughts.  This  is  indirect  proof  of  the  validity  of  viewing  the  sub¬ 
merged  portion  of  the  hull  of  a  floating  vessel  as  a  body  of  minimum 
elongation  with  a  span  equal  to  double  draught  2T  and  elongation  X  = 

=  2T/L,  admitting  the  assumption  that  flow  over  a  wing  of  minimum 
elongation,  standing  on  its  end,  is  analogous  to  flow  over  a  detached 
wing  with  a  conditional  height  2H  and  conditional  elongation  X  =  2H/L. 

Further,  we  will  use  a  second  assumption  that  an  ACV  with  a  flexible 
air  cushion  enclosure  can  be  replaced  approximately  with  a  wing  or  body 
of  minimum  elongation,  standing  on  end  on  a  solid  screen.. 

As  elevation  h  increases  the  condition  of  absence  of  flow  of  the 
incident  airstream  between  the  screen  and  bottom  is  satisfied  because 
of  the  air  cushion.  -  Therefore,  obviously,  such  an  assumption  can  be 
made  by  examining  motion  at  non-zero  elevations  of  the  vessel  above  the 
screen.  Here,  obviously,  as  elongation  of  the  ACV  we  may  use  the  value 


'ft  „  2 K*  ‘  . 
L  -?<aK  ■ 
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Under  such  assumptions  it  is  possible  to  use  the  linear  theory  of 
(lateral)  flow  around  a  detached  wing  of  minimum  elongation,  developed 
in  [50] . 


We  will  examine  the  effect  of  the  incident  air  flow  or.  the  lateral 
surface  of  the  ACV  hull  as  it  travels  in  a  circular  trajectory.  In  this 
case  the  drift  angles  B(x)  change ‘in  length.  The  drift  angle  is  3  at 
the  center  of  gravity  of  the  \rehicle.  Then  the  normal  component  of 
flow  velocity  at  the  center  of  gravity  will  be  (-V  sin  3).  As  a  result 
of  rotation  of  the  hull  at  angular  velocity  u>  ,  an  additional  normal 


velocity. 


equal  to  xw 


appears  at  points  on  the  side  of  the  hull  (Figure 


131). 


Figure  131.  Effect  of  Incident 
Air  Flow  on  Side  of  ACV  Hull 
Moving  in  Circular  Trajectory. 
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Then  the  summary  normal  component  of  velocity  at  arbitrary  point  x 
will  be  equal  in  absolute  value  to  V  sin  8  -xay,  and  the  longitudinal 

component  will  be  V  cos  8. 


Hence,  the  local  drift  angle  can  be  found  from  the  expression 


tan  K«)=  ■ 

*■*  :.  .y.cosp 


tan  P—  lx?» 

ycosp 


(237) 


In  the  theory  of  probability  of  a  surface  vessel  it  is  assumed 
approximately  that 

a’n?«?;_cos?«i;|tan  8  »  8,  (238) 

i,ince  drift  angles  do  not  exceed  12-15°.  Therefore  the  character  of 
change  of  the  drift  angle  as  a  surface  vessel,  travels  is  expressed  by  the 
following  simplified  relation: 


(239) 


For  consideration  of  this  law  of  change  of  drift  angle,  the  linear 
load  on  a  wing  of  minimum  elongation  can  be  represented  by  the  following 
expression,  bearing  in  mind  that  the  wing  span  of  an  ACV  is  equal  to 
twice  the  hull  height  i  (x)  =  2H  (x) : 


7.  M = j;  IP  (*>  ‘‘  Ml = -W'  [2  ^  "  M  p- 


dx  .V 


]• 


(240) 


Tests  have  shown  that  compared  to  floating  vessels,  the  ACV  have 
substantially  greater  drift  angles  which,  for  example,  in  the  case  of 
steady  state  circulation  can  reach  30°. 


We  will  examine  how  great  will  be  the  error  in  the  determination 
of  local  drift  if  approximate  expressions  equation  (238)  are  used  for 
analysis  of  angles  up  to  30°.  The  greatest  local  drift  angle  will  occur 
at  the  bow  tip,  i.e.,  for  x  =  -L/2. 
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Assuming  that 


t 


1 

/ 

(241] 


Then  with  a  radius  of  circulation  equal  to  hull  length,  expressions  (237) 
and  (239)  become: 


tan  B(xj  =  tan  p  + 

■  2cos£ 

P(*)  =  P  +  Y- 


(242) 

? 

(243) 


Calculation  by  equations  (242)  and  (243)  is  presented  in  Table  13. 

i 

TABLE  13.  COMPILATION  OF  DRIFT  ANGLES  CALCULATED  USING  ! 

EQUATIONS  (242) -AND  (243).  - 


No.  of 
row 

Functions 

At 

15 

angle 

30 

35 

1 

6,  rad 

0,262 

0,524 

0,611 

2 

tan  B 

*  --- 

0,577 

0,700 

3 

cos  B  °>966 

0,866 

9,819 

4 

tan  B(x) 

0,770 

1,133 

1,311  . 

.  5 

•  B(x) ,  rad 

0,762 

■1,024 

t 

1,111 

£ 

B° (x)  =  arctan  B(x) 

37°  36' 

48°-35' 

52°  40' 

/ 

Ba(x)  =  fB(x)  rad 

43s 41' 

58°  40' 

:  63°  40' 

8 

(7)  in  %  of  (6) 

116 

120 

121 

We  see  in  Table  13  that  the  use  of  approximate  relations  (238)  tor- 
angles  B  reaching  30-35°  gives,  in  the  worst  case,  an  error  4-5% 
greater  than  that  obtained  in  the  case  of  angles  B  of  about  15°. 

Considering  that  usually  R  >  L,  such  an  incre;.  >e  in  error  can  be 
regarded  as  minor,  and  approximate  expression  (240)  can  be  used,  in  those 
cases  when  the  angles  go  up  to  30° . 

As  the  result  of  integration  of  linear  load  through  the  length  of 
the  hull  we  may  calculate  the  coefficient  of  summary  transverse .force 
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I 


1 


c''  = 

'*>  '  2gSeoS 


•:  .  .  ■  ,  asi  -  ‘  T  -  ' 

-•  ‘  . 1  X  J  dx/-  -■  A;  t  ‘ 


1  •  ’•  ^*p'=  To 

I  ■  . .  .  ~ 

.  I 

To  find  the. solutions  corresponding  to  flow  past  a  wing  of  minimum 
elongation  in  the  presence  of  circulation,  it  is  necessary,  as  we  know; 
to  satisfy  the  Chaplygin-Zhukov  postulate  of  smooth  flow  past  the  trail¬ 
ing  edge  of  the,  wing.  Jones',  theory  states  that  .for  this/  purpose  the 
load  must  he  located  only  on'the  leading  part  of  the  wing,  between  the 
•leading  edge  and  the  sectipn  corresponding  to  maximum  span.  Therefore 
the  integrals!  containing  dH(x)/dx  entering  into  expression  (244)  are 

taken  up  to  the  section  H(x)'  =  H‘  .  In  fact,  the  integral  containing 
.  •  *  max  I 

H  (x),is  taken  in  terms  of  the  length  of  the  vessel,  since  i-t  represents 
.a  load  of  inertial  character1.  ,  , 

i  *  . 

By  analogy  we  may  also  find  the  coefficient  of  the  moment  of  yaw 


•  u  r  ftst 

my  =  -  Vkp  =  —  ~—r  2  f  H(x)  ™±x)-4~  '  - 

p  tySsoxt-  $6ok L  I  J  dx  '  ■ 

...  '  •  •. 

;  o.si  ,  o^i  • 

.-2  f  H(x)  f  #*(*)*-*-  dx.' 

.?  -Wt  ! 

lm  .  }• 


With  the  consideration  of  the.  expression 


V  -  ' 


the  following-  expressions  can  be  derived  from  (244)  and  (245)  for  trans¬ 
lational  and  rotational  derivatives  of  the  coefficients  of  transverse 
force  and  moment  of  yaw :  i  i 


/inertial  lo'ad  is  load  during  non-circulating  motion  of  wing  an  perfect 
fluid. 


!  i 

i 


i 


(240) 


From  these  expressions  we  will  remove  the  correction  factors  that 
allow  for  the  effect  of  form  change  in  plan  (in  projection  onto  the 
diametral  plane  of  the  vessel) .  For  this  purpose  we  will  represent  the 
expressions  for  the  aerodynamic  characteristics  in  the  following  form: 


(247) 


'  where  =  x^/L  is  the  dimensionless  coordinate  of  the  center  of  gravity 
from  the  bow  of  the  ACV. 


Hence,  the  correction  factors  that  allow  for  the  influence  of  change 
of  height  of  the  hull  through  the  length  of  the  vessel  can  be  calculated 
as ‘follows: 


(248) 


-269- 


[05 L  . .  0 &L  '  T 

2|  . 

[0,5£  ■  ft£t  1 ' 

2  f  ‘^r;(x)i''dx+  f  H>(x)x <u\. 

*•  *  •  J*  1 

H  '  .  •  J  * 


(248) 


The  dependences  of  coefficients  c^  and  m^  on  the  product  of  the 

coefficient  of  completeness  of  the  bow  part  of  the  diametral  plane  (DP) 
of  ACV  models  3HOC/(k/2  H*)  by  the  relative  length  of  the  bow  taper 

Lg/ CL/2)  are  represented  in  Figure  132.  Here  'SHQ'C  is  the  area  of  diametral 

plane  of  the  model  from  midships  to  the  bow;  L*  is  the  length  of  the  bow 

taper,  the  distance  from  the  bow  tip  of  the  model  to  the  rib  with  maximum 
hull  height  H*. 


tt,*i 


Figure  132.  Coefficients  c^ 

and  nij,  Which  Take  Into  Account 

the  Influence  of  Change  of 

Height  of  the  Hull  Through 

the  Length  of  the  Vehilce  on  its 

Aerodynamic  Characteristics,  as 

Functions  of, the  Product  of 

the  Completeness  .Coeffi cient 

of  the  Bow  Section  of  the 

Diametral  Plane  of  the  ACV 

S  • / (L/2 • H*)  When  Relative 
HOC 

Length  of  Bow  Taper  L*/ ( L/2) . 


Analysis  of  the  data  in 
Figure  132  indicates  that  the 
coefficients  c^  and  diminish 

as  L*/(L/2)*,Shoc/(L/2.H*) 

increases.  This  tendency  is 
weaker  for  the  coefficient  c^ 

than  fc  c  m^.  The  numerical 

values  of  coefficients  Cj  and 

m^  differ  little  from  each  other 

and  are  closer  to  K  =  1/2  than 
K  =  1.  This  means  that  the  ■ 
linear  theory  of  a  detached  wing 
of  minimum  elongation  can  be  used 
for  approximation  of  the  aero¬ 
dynamic  characteristics  of  the 
ACV  hull,  but  elongation  of  the 
hull  must  be  determined  with 
consideration  of  its  doubled 
height,  i.e.,  it  must  be  assumed 
that 


,  .X  =  2Xa.t>  ’  (249) 

where  x.t  denotes  linear  theory’. 
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Equations  (247)  with  the  consideration  of  expressions  (248-)  can  be 
vised  for  more  accurate  calculations  of  the  aerodynamic  characteristics 
of  a  hull  as  a  wing  of  minimum  elongation. 

As  in  the  theory  of  a  wing  of  minimum  elongation,  the  corporeality 
of  the  hull  is  not.  taken  into  account.  Meanwhile,  the  ACVs  have  a  large 
relative  width  (L/B  «  1.3-2. 5),  which  should  have  a  considerable  effect 
on  flow  around  the  hull,  and  'consequently  its  characteristics.  In  order 
to  evaluate  this  phenomenon  w:  thin  the  frameworks  of  linear_ theory  we 

will  represent  aerodynamic  characteristics  c^  ,  mj*  ,  m Uy,  with 

zk  yk  2k  yk 

consideration  of  corporeality,  in  the  following  form: 


■  % 58  %% 88  fc'c*\  m5K= 


.  (250) 


Because  they  have  less  effect  on  the-  final  result  than  coefficients 
c^  and  m2,  we  will  assume  d2  and  f2  to  be  equal  to  1.  Coefficients  c2 

and  m2,  in  fact,  can  be  determined  with  consideration  of  the  results  of 

wind  tunnel  tests  of  models. 


The  coefficient  c9  is  shown  in  Figure  133  as  a  function  of  the 
product  of  the  two  parameters  ’KIV  $$  '  and 

where  -  is  coefficient  of  completeness  of  the  bow  portion  of 


the  model; 

is  the  relative  length  of  the  stern  curvature  of  the  model 

in 

in  plan,  measured  from  the  stern  point  of  the  model  toward  the  bow  to  the 
rib  at  which  the  beam  of  the  mode’  is  maximum. 


The  coefficient  c2>  '3  we  will  see,  has  a  tendency  to  decrease  as 
the  product  of  these  parameters  increases. 
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Figure  133.  Coefficient  c^.  Which 

Considers  the  Influence  of  the  Cor¬ 
poreality  of  the  Hull  on  the  Value 

c^  as  a  Function  6f  the  Product  of 
k 

the  Coefficient  of  Completeness  of  the 

Bow  Part  of  the  ACV  ancl 

Relative  Length  of  the  Stern  Curvature 
of  the  Vehicle  in  Plan  LDI//(L/2) . 

Dl\ 


Figure  134  represents  the  coefficient  m2  as  a  function  of  the  coef¬ 
ficient  of  completeness  of  ,the  bow  section  of  the  model  £*/]/ Sgr.  , 


•t 


Figure  13^.  Coefficient  m2,  Which  Considers 

the  Effect  of  the  Corporeality  of  the  Hull 

on  the  Value  nr„,  as  a  Function  of  the 
yK* 

Coefficient  of  Completeness  of  the  Bow 
Section 


We  see  in  Figure  134  that  as  the  coefficient  of  completeness  in¬ 
creases,  the  coefficient  m2  has  a  tendency  to  diminish. 

Experience  in  hydrodynamic  classification  of  bodies  of  minimum 
elongation  [49]  indicates  that  if  the  hull  of  an  ACV  is  used  not  as  a 
wing,  but  as  a  body  of  minimum  elongation,  then  it  is  essential  to 
consider  other  factors,  in  addition  to  corporeality,  which  influence 
the  character  of  flow  around  the  body.  One  of  these  factors,  which 
largely  determines  the  turbulence  structure  of  the  body,  is  cross-section 
shape. 


Bodies  with  rectangular  cross-sections  fall  into  the  category  of 
strong  lifters,  whereas  bodies  with  rounded  cross-sections  fall  into 
the  category  of  normal  lifters. 


Here  bodies  for  which 


(where  l.t  denotes  linear  theory)  .are  called  weak  lifters,  bodies  for  which 
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are  called  normal  lifters  and,  finally,  bodies  for  which 


are  called  strong  lifters. 


Applying  this  classification  to  bodies  located  above  a  screen, 
assuming  the  condition  of  absence  of  flow  between  the  body  and  the 
screen  to  be  satisfied  and  considering  condition  (249) ,  we  may  call 
bodies  for  which  equation 


weak  lifters,  bodies  for  which  equation 


normal  lifters  and  bodies  for  which 


(251) 


(252) 


(253) 


(4)  «  ■ 

strong  lifters.  However  \  >.  T'~  ~ ’  anc*  hence  conditions  (251) -(253) 

can  be  written  as  follows,  respectively: 


'  4 

°<~T  <0,524; 

(254) 

4 

0,524  <-^<1,05; 

(^55) 

.10 

o 

A 

■wf 

(256) 

The  hull  models  of  many  ACVs  are  strong  lifters.  This  complicates 
conditions  of  controllability:  a  very  sophisticated  rudder  unit  is  required 
to  ensure  cruise  stability.  On  the  basis  of  controllability  it  is  advis¬ 
able  to  strive  for  an  ACV  hull  that  has  the  least  lifting  capacity.  One 
of  the  ways  of  achieving  th:.s  goal  is  rounding  off  the  lines  in 
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cross-section  and  giving  the  ACV  a  streamlined  shape.  In  addition's 
indicated  by  experience  in  hydrodynamic  classification  of  bodies  of’ 
minimum  elongation  [49] ,  this  goal  can  also  be  achieved  by  smoothing  off 
the  lines  in  the  stern  section  and  by  decreasing  the  beam  of  the  hull. 

Wy  (Oy 

As  regards  the  rotational  derivatives  m  1  and  c  7  ,  in  connection 

yk  zk 

with  the  absence  of  experimental  determination  of  these  values  near  the 
screen,  such  analysis  of  the  dependence  of  coefficients  fp  f^,  dp  6.^ 

Uy  Wy 

is  difficult.  The  coefficients  m  7  and  can  be  approximated,  as 
,  yk  k 

mentioned  above,  on  the  basis  of  linear  theory,  i.e.,  assuming  f^  = 

=  djd2  =  k  =  0,5  with  consideration  of  (249). 

Coefficient  of  Aerodynamic  Longitudinal  Force  c  .  The  aerodynamic 

.  xk 

longitudinal  force  of  ACV  traveling  without  a  drift  angle  and  angle  of 
attack  coincides  numerically  with  the  force  of  aerodynamic  drag. 

The  results  of  wind  tunnel  tests  of  models  are  used  for  determining 
the  coefficient  of  aerodynamic  longitudinal  force  c  . 

xk 

We  will  examine  coefficient  c  in  accordance  with  expression  (234) 

Xk 

in  the  following  form: 


where  c  is  the  coefficient  of  aerodynamic  longitudinal  force  at  zero 
xk 

0 

drift  angle  .(coincides  numerically  with  the  coefficient  of  aerodynamic 
profile  drag) ; 

ft  ijl 

c  ,  cv  are  its  derivatives  in  terms  of  drift  angle  and  trim, 
xk  xk 


The  processing  of  wind  tunnel  test  results  indicates  that  the 
dependence  of  the  coefficient  c  on  the  drift  angle  is  clearly  nonlinear. 

xk 
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As  a  whole,  c  as  a  function  of  the  angle  of  drift  is  analogous 
xk. 

to  the  change  of  this  coefficient  established  for  the  surface  ships:  as 
$  increases,  it  first  increases  and  then  diminishes. 

The  relative  maximums  of  the  coefficient  c  differ  for  various 

xk 

models,  and  moreover  these  maximums  are  scattered'  in  terms  of  drift  angle. 

Linearization  makes  it  possible  to  construct,  on  the  basis  of  wind 

tunnel  tests  of  models,  the  approximate  dependence  of  the  coefficient 

8  r*  t  *  * 

c  on  the  product  of  three  parameters _ jy.  .  _g*  b*  (Figure  135). 

*k  '  i/2  i/2 

The  error  from. linearization  for  an  angle  of  drift  of  30°  is  about  20% 
of  the  value  c  . 

xk 


Figure  1-35 -  Derivative  of  Coefficient 
of  Aerodynamic  Drag  of  Hull  in  Terms 

of  Drift  Angle  c  as  a  Function  of 
xk 

the  Product  of  Three  Parameters: 

Coefficient  of  Completeness  of  Bow 

Section  of  Hull 

Relative  Length  of  Stern 

and  Bow  rf— ■  Curvature  of  Hull  in 

Plan. 


Coefficient  m  .  In  accordance  with  expression  (234) ,  the  coefficient 
xk 

of  the  aerodynamic  moment  of  roll- that  acts  on  the  hull  is 


m. 


I 


The  derivatives  of  this  coefficient  are  least  known..  The  results 
obtained  from  wind  tunnel  tests  of  models  indicate  that  coefficient 
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nr  may  be  both  positive  and  negative,  apparently  depending  on  the  nosition 
\  ' 
of  the  center  of  gravity  of  the  model  with  respect  to  height.  Derivative 

for  practical  purposes,  is  not  determined  for  ACVs  like  the  other 
xk  ’ 

coefficients  in  equations  (234) . 


Aerodynamic  Characteristics  of  Tail  Group 

We  will  examine  the  forces  and  moments  acting  on  the  tail  by  means 
of  expressions  of  the  form  (231) . 


Converting  to  coefficients  related  to  Sjg,  "Sn  and  Shocj 
by 'analogy  with  functions  (234),  equations 

Cx  „  =  Cx  8P  +  cx  & 

.  on  *on  xon 

'  ’  ;e*. -4.* +<*,.* 

■  >->&»>+<.? 
m  =  m*  S p  +  ml  p  +  m®*  ul;- 

•  on.  xon  xoa  '■  -ron>’  •* 

~  ml  5P  +  $>-\- my  u  \  ' 

*on  ^on  ^on  y  •  *  ^ 

m  ==  mi  8p  -f  m¥  ^  -f  m  I 

*on  r  \  /onT  '  V  1  \ 


we  will  have 


(257) 


The  aerodynamic  characteristics  of  the  detached  tail  assembly 
(vertical  and  horizontal)  will  be  analyzed  in  the  form  of  two  components: 


'  c_  =-  c.  +  c,  •; 

on  >  *p  cr 

c„  =c  +c  ; 

(  yon  yp  jct 

ci  =f,  +c«  : 

zon  zp  ct 

m.  =mr  +  m.  ; 


=  mu  +  mv 


pi.  —  m  , 

*on  *p 


(258) 
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where  cxp<  cyp>  cz»  mxp<  myp>  mZp  are  the  aerodynamic  characteristics 
of  detached  rudders; 

C*ct  C>ct’  Czct‘m-Tct  m-vcr’  rn*cr  are  the  aerodynamic  characteristics 
of  detached  stabilizers  or  other  stabilizing  surfaces  (pylons,  engine 
housings,  etc.) 


By  way  of  example  of  the  vertical' member  of  the  tail  group  we  will 
examine  the  approximate  equations  that  determine  these  coefficients. 

After  determining  the  coefficient  c  we  obtain  the  following 

on  * 

formulas  for  its  components: 


c,  =  c\  8p  +  P;. 

xv  p  p 


(259) 

(260) 


Here  and  in  the  ensuing  discussion  the  values  with  the  index  i 

pertain  to  the  area  of  the  i-th  rudder  or  stabilizer  S  and  S  . 

r.  st 

■  1 


8p  = 


(261) 


Usually 


ip  =  opf, 


(262) 

(263) 


Determining  coefficient  c  using  relations  ,  (258) ,  we  obtain 

on 


(264) 
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Here  ,  xgt  ,  y  ,  y  are  the  average  distance  from  the  center  of 
i  1 

pressure  on  the  rudders  and  stabilizer  to  the  center  of  gravity  of  the 
vehicle. 


Thus,  in  order  to  determine  the  aerodynamic  characteristics  c 


on 


•z. 

on 


m. . 


,  m  of  a  detached  tail  group  it  is  necessary  to  know  co¬ 


on 


efficients  c^ 
x 


'on 


86  66  ... 

=  c  ;  c  ;  c  ;  c  ,  which  pertain  to  the 
x  x.  z  z*  r 

r.  r.  st.  r.  st. 
11111 


areas  of  the  stabilizer  and  rudder,  respectively. 


We  know,  however,  that  resultant  R  of  aerodynamic  forces  applied 
to  the  detached  rudder  or  stabilizer,  to  simplify  its  determination, 
is  usually  broken  down  into  components  either  on  axes  rigidly  connected 
to  the  tail  group  itself  (normal  Rn  and  tangential  R^  components)  or, 

in  most  cases,  on  axes  connected  to  the  air  current  flowing  around  the 
gail  group  (lift  R  and  drag  R  ) .  Therefore,  it  is  helpful  to  show 

the1 relationship  between  coefficients  c  =  cp  :  cp  :  c  =  cp  : 

x  x  x^  zz 
r.  r.  st.  r.  r. 
i  1111 

c  and  the  coefficients  that  characterize  lift  R  and  drag  R  on  the 

zst.  y 

i 


tail  group. 


For  this  purpose  we  will  examine  the  forces  acting  on  the  tail 
group  during  lateral  motion  of  the  ACV  in  the  general  case,  using  flowing 
coordinate  system  xOy  for  the  tail  group  (Figure  136) . 


'Figure  136.  Components  of  Aerodynamic  Force  Acting  on 
Tail  Group  During  Lateral  Motion  of  the  ACV  on  Axes 
of  Flowing  Coordinate  System  (xOy)  and  Coordinate 
System  (x^OZj)  Rigidly  Connected  to  Fixed  Tail  Group. 
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We  see  in  Figure  136  that  the  air  flow  strikes  the  rudder  at  an  . 
angle  of  attack  a  =  Sp  -  6,  and  the  stabilizer  at  angle  of  attack  a  =  6. 

On  the  basis  of  this  figure  we  obtain  equations 


•  X  =  R'_  -‘coset — R  .sin  a; 

P'CT  *  ^(p,  ,cr)  i  (p,  ct)  ’< 

—  ZD  cr  =  Rr,  ..xsina  — /?  .COS.a. 
P'F  T(P.  CT)  .  V(p.CT)  ■ 


(280) 

(281) 


In  order  to  linearize  expressions  (280) -(281),  the  functions  of 
the  angles  must  be  replaced  by  the  angles  themselves  and  the  values  of 
the  second  order  of  smallness  must  be  discarded.  Then  we  obtain  equations 


(282) 

(283) 


or,  converting  to  the  coefficients 

(284) 

(285) 

The  analogous  results  can  also  be  obtained  for  the  horizontal 
stabilizer. 


In  the  absence  of  data  concerning  wind  tunnel  tests  of  profiles  of 
the  required  elongation,  the  coefficients  of  the  forces  acting  on  the 
tail  group  can  be  determined  using  the  approximate  analytical  expressions 
presented  below.  Thus,  the  derivatives  of  the  coefficient  of  lift  on 


the  rudder  or  stabilizer  at  angle  of  attack  c“  can  be  approximated 


according  to  the  so-called  Prandtl  interpolation  equation: 


(286) 


This  equation  was  derived  for  large  elongations  and  elliptical  wing. 
For  A  <  3  it  overstates  the  coefficients.  For  elongations  of  the  tail 
group  greater  than  2,  the  following  empirical  equation  is  also  used: 


y  -V^Ti+2  (287) 
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As  seen  in  Figure  137,  this  equation  also  does  not  completely 
reflect  the  experiment,  particularly  in  Soviet  experience.  Therefore 
the  given  value  may  be  determined  according  to  the.  empirical,  equation 


2rX 

.  c'  ~  _  -  • - .  '  .  (288) 

y  yi*  +  2X  +  2  .  •  . 


Figure  137.  .Derivative  of 
Coefficient  of  Lift  on  the 
Attached  Tail  Group  in  Terms 
of  Angle  of  Attack  c“  on  the 

Elongation  XQn.  -  -  in 

Equation  (286);  in 

Equation  (287) ; - ,  in 

Equation  (288). 


We  see  in  Figure  157  that  this  ‘ 
equation  more  accurately  reflects 
the  Soviet  experiment  on  wings 
with  X  =  1-4. 

It  follows  from  [24]  that  the 
critical  angle  of  attack,  after 
which  flow  breakaway  occurs  and  i 
the  coefficient  of  lift  drops 
sharply,  is . approximately  28-30° 
for  X  =  1  and  about  21°  for  X  =  3. 

Considering  that  this  angle  1 
is  somewhat  larger  for  full  scale 
.  wings,  we  may  use  these  angles  as 
reference  points  with  a  safe  margin 
of  error.  A  further  increase  of 
6-8°  in  angle  of  attack  leads  to 
a  35-40%  reduction  of  the  coef¬ 
ficient  of  lift  c  for  X  :=  1  and  ! 

i  y 

45-48%  reduction  for  X  =  3. 

i 

The  dependence  of  coefficient 
cx  on  the  angle  of  attack  is  sub¬ 


stantially  nonlinear.  Linearization 
of  these  dependences  for  a  profile  with  X  =  1,  with  a  safe  margin  of  error 
up  to  angles  of  about  28-30°,  yields  an  average  of  c“  =  0.67,  and  for  a  • 

profile  with  X  -  3,  up  to  angles  of  approximately  20-21°,  yields  c“  ~  0.53. 


By  way  o£  illustration,  the  aerodynamic  characteristics  of  one  variant 
of  hull  and  tail  group  of  the  American  ACV  SKMR-1  [62]  are  shown  in 
Figures  138  through  140.  The  aerodynamic  characteristics  of  the  hull 
were  calculated  according  to  linear  theory,  and  the  aerodynamic  character¬ 
istics  of  the  tail  group  by  equation  (286).  The  effect  of  the  shrouds 
and  blowing  of  the  tail  group  (rudder)  by  the  props  was  not  taken  into 
account.  The  lateral  force  on  the  ruduer  was  assumed  to  be  applied  at 
1/4  chord  from  the  leading  edge  of  the  rudder  through  length  and  at  one- 
-half  the  height. 

f 

t  i " 
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Figure  138..  Effect  of  Relative  Area  of 

Tail  Group  S  / ,  on  the  Derivative 
i  cn  6 ok 

of  the  Coefficient  of  Aerodynamic  Lateral 

Force  at  Drift  Angle  c^  =  c^  +  c^ 

.  :  z  z.  z 

k.  on 

for  ACV.SKMR-1. 

5 

l-boaIL~0.03i3;2-bojL- 
■=  0.0546;  J  —  Jon/£  -  0.0968  f 


Figure  '139.  The  Effect  o.f  Relative 
Tail  Group  Area  Son/S6ok  on  , 

|  Derivative  of  !Aerodynami c  Moment  ■ 

of  Yaw  at  Angle  of  Drift  -m^  = 

B  -:6  '  y  i 

.  =  mv  +  mv  fori  SKMR-1. 
yk  'on'  • 

I  -  xon/L.~  b,45;  2  -  xon/t  -  0.35;  3  -  *on/L  -  0.25  ' 

— - -  »on/A  **  ! 

-  ••  . - . - »on/t-  0.0646 


of  Yaw  at  Angular  Yaw  Velocity  m^y  = 

=  mu  y  +  n/0  y  for  SKMR-1. 

'  yk  yon 

“  4n K  *  “  *on lL  “  °’35:  3  -  Vt  '“  °-26 

I  -  fcon/L  r,  0,0323;  - -  bon/L-  L.  0,646  . 


(Figure  138  illustrates  the  effect  of  the  relative  chord  b  /L  of 

i  on 

the  tail  group  on  the  derivative  of  the  coefficient  of  aerodynamic 
lateral  force  at  drift  angle  c&  =  c#  +  cS  as  a  function  of  relative 
.  ■  k1  on  !  • 

area  of  tail  group  Sor)/Sgok.  It  follows  from  this  figure  that  for  the 

same  tail  group  area  an  increase  in  its  height!  will  lead  to  an  increase 
in  the  coefficient  !c3  in  connection  with  the  lengthening  of  the  tail  group. 


Figure  139  illustrates  the  effect  of  the  location  of  the  tail'  group 
in  terms  of  length  *on/L  as  a  function  of  relative  chord  bon/L  and 

relative  tail  group  area  Son/SgQK  on  the  derivative  of  the  aerodynamic 

moment  of  yaw  at  angle  of  drift  m^  =  +  m^  .  It  follows  from  this 

y  yk  yon 

figure  that  the  coefficient  ny  for  the  same  tail  group  area  increases  as 

the  height  of  the  tail  group  increases  and  as  the  tail  group  is  placed 
farther  toward  the  stern  from  the  center  of  gravity  of  the  vessel. 

Figure  140  shows  the  effect  of  the  location  of  the  tail  group  in 
terms  of  length  xor)/L  as  a  function  of  the  relative  chord  bon/L  and 

relative  tail  group  area  Sor)/SgOK  on  the  derivative  of  aerodynamic  yaw 

0)„  Wy  Uy 

This  coefficient  changes 


“y  “y  "y 

moment  at-  angular  yaw-  velocity  m  =  m  +  m  . 

g  y  yk  yon 

similar  to  coefficient  nr 


T 


Also  seen  in  these  figures  is  the  range  of  change  of  relative  tail 
group  area,  which  is  of  practical  importance  in  ACV  design. 

The  tail  group,  consisting  of  a  stabilizer  and  rudder,  is  usually 
installed  symmetrically  relative  to  the  axis  of  rotation  of  the  prop. 

The  aerodynamic  characteristics  of  such  a  tail  group  are  determined 
through  equations-  (237),  The  usual  expression  for  the  angle  of  attack 
of  a  detached  rudder  is  not  valid  for  rudders  behind  the  stabilizers. 

In  tne  case  of  a  cross-beam  rudder,  wing  consisting  of  a  rudder  and 
stabilizer  changes  shape,  and  therefore  the  effect  of  the  angle  of 
rudder  placement  and  the  angle  of  drift  can  vary,  and  this  must  be  taken 
into  account  in  the  expressions  for  the  aerodynamic  characteristics  of 
this  type  of  tail  group. 

R.  Ya.  Pershits  analyzed  several  rectangular  rudders  placed  behind 
the  stabilizers  and  blown  through  the  qntire>  height  by  the  propeller 
wash . 

The  coefficient  of  propeller  thrust  load  varied  during  the  tests 
from  0  to  5. 


Using  the  results  of  these  tests  it  is  possible  to  establish  that 
the  derivative  of  the  coefficient  of  lateral  force  on  the  tail  group 
were  the  angle  of  cross-over  of  the  x-th  rudder  depends  on  the  thrust 

load  coefficient  a  and  is  equal  to 

P 


-*on.  =  <$<>.., +  «VV 


(289) 
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The  derivative  of  the  coefficient  of  lateral  force  on  the  tail  group 
at  angle  8  is 


S  =  S  +  S  .  is  the  area  of  the  complex: 
o  .  p.  st.  * 

1  *i  i 


\  .  cs  is  the  coefficient  that  considers  change  in  the  angle 

z°3i 

of  attack  on  the  tail  group  due  to  drift,  and  is  its  average  value  for 
the  entire  tail  group. 

The  value  of  the  coefficient  is  equivalent  to  data  fiom  the- test 

i 

conducted  by.  R.  Ya.  Pershits,  as  represented  in  Figure  142. 


Figure  1^2.  Coefficient  that  Considers 

? 

the  Influence  of  the  Change  of  Angle  of 
Attack  on  the  Tail  Group,  Caused  by 
Drift,  on  Derivative  of  the  Coefficient 
of  Lateral  Force  on  Tail  Group  at  Angle 
Rudder-Crossover  c5  ,  as  a  Function  of 
o 

the  Coefficient  of  Propeller  Thrust 

Load  o  .  The  broken  curves  were 
P 

obtained  by  extrapolation. 


This  coefficient  is  a  function  both  of  a  and  of  relative  rudder 

P 

chord  bp.  It  is  clear  from  Figure  142  that  the  ratio  between  rudder  chord 
and  stabilizer  chord  has  a  strong  influence  on  the  coefficient  and, 

l 

consequently,  on  the  lift  of  the  rudder  behind  the  stabilizer  in  the 
presence  of  an  angle  of  drift.  As  b^  decreases,  i.e.,  as  the  stabilizer 

chord  increases,  the  coefficient  increases.  When  >  1  the  angle 

i  °i 

of  drift  has  a  greater  influence  on  the  lift  than  the  angle  of  rudder 

crossover.  As  the  coefficient  a  increases  the  coefficient  k,  decreases, 

P  _  b. 

but  the  effect  of  the  relative  rudder  chord  b  remains  the  same. 

P 
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The  range  of  change  of  the  coefficient  of  the  load  of  ACV  engines 
is  much  greater  than  that  found  experimentally  [37]  and  can  go  up  to 

a  =  10  and  above. 

P 

In  addition,  the  relative  rudder  chord  b^  for  ACV  is  also  beyond 

the  experimental  range  b^  =  0.56-0.83  and  usually  has  values  b^  <  0.5. 

For  -approximate  calculations  the  curves  in  Figure  142  were  extrapolated 
into  the  range  of  change  of  and  customary  for  ACV.  For  accurate 

calculations  it  is  necessary  to  find  the  analogous  dependences  on  the 
basis  of  special  tests  of  the  tail  group  in  the  propeller  wash. 

The  expression  for  the  derivative  of  the  coefficient  of  lateral 
force  on  the  tai1  group  according  to  dimensionless  angular  velocity  of 
yaw  has  the  form 

An  •.  v  l  *  '  (293) 


The  coefficient  of  the  moment  ol:  roll  on  the  tail  group  In  is 

*  Xon 

found  vising  the  dependences  obtained  on  the  basis  of  equations  (257) : 


m*  —  c;  42.;' 

Jon  zon  L 

(294) 

ml  —  ml  x„ ; 

*on  on  ■ 

(295) 

*25.  * 

xon  ■*on  l,  *  . 

(296) 

where  x  ,  y  are  the  coordinates  of  the  center  of  gravity  of  the  tail 
on  'on  b  ,  j 

group  area. 

For  the  coefficient  of  the  moment  of  yaw  on  the  tail  group  m  , 

yon 

we  obtain  the  expressions  [see  equations (257)] 


ml  —  c) 

'on  *on  L 

(297) 

(298) 

“j*  _ _ -'op 

'yon  -von  £  * 

*  4 

(299) 
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If  the  height  of  the  tail  group  is  greater  than  the  diameter  of 
the  propeller,  or  the  tail  group  is  displaced  from  the  propeller  axis, 

5  B 

then  for  determination  of  the  coefficients  c  and  c,"  we  may  use 

on.  on. 

1  i 

the  recommendations  set  forth  in  [12]. 


For  the  coefficient  c,.  ,  in  accordance  with  equations  (257) ,  v/e 

■"on 


will  have . equations 


(300) 

(301) 


The  coefficient  c 


in  Figure  143. 


can  be  approximated  using  the  graph  illustrated 
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Linearization  to  the  safe 
limit  up  to  Sp  =  25° .. 


In  this  graph  are  represented  the  results  of  processing  of  he  tests 
[45]  of  rudders  behind  stabilizers.  Linearization  of  the  depei  unce  of 
c  on  the  angle  of  crossover  6p  was  carried  out  to  the  safe  'in-ut  up  to 

\ 

angi.es  6p  =  25°. 

« 

The  coefficient  c'  can  be  approximated  using  the  grvi  j  chown  in 

on. 

1 

Figure  144.  In  this  graph  are  shown  the  results  of  processing  of  tests 
[24]  and  [45]  of  rudders  behind  stabilizers  for  a  thrust  loa>:  factor  a  = 

g 

=  0.  Unfortunately,  the  dependence  of  c.  on  a  for  the  ^juired 

on.  P 
i 

forms  and  elongations  of  the  tail  groups  is  not  available. 


Figure  )kk.  Derivative  of  Coef 
ficient  of  Drag  of  Tail  Group 

O 

at  Angle  of  Drift  c  ;  as  a 

xon. 

i 

Function  of  Relative  Rudder 
Chord  bp.  •,TsAGI'[45] 

0 ,LGU  [21*3 ;  X  =1. 

on.  / 


Forces  and  Moments  Created  by  Engines 

Forces  and  Moments  Created  by  Propeller-Shroud  Engine  Complex 

If  we  denote  the  summary  thrust  of  the  propeller-shroud  complex 
through  P,  then  for  the  projections  oF  the  forces  and  moments  of  interest 
to  us,  created  by  the  working  engine  complexes,  we  may  write  the  following 
expressions: 


I'j  —  0;  Xt  —  Xr,m_0)\ 
Z.  —  Z 

dMv 

Mc  =  Mx  +  — sr1  w  ; 


(302) 
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(302) 


Here 


dMy  _ 

■  My  =  M  +-^co; 

yT  yT(<0- 0)  J 


M,  =  M.  . 

7  r(0J_tr; 


.  j 


XT  =  P-X  =P  +  X?B;'  - 

t(<d-0)  .■  *  »r 

Z  =  — Z  Z?6;  ■ 

=-Mx=-M?xp; 

xt{<o-0)  xb  x«  . 


A4 


'T(u. 


=  ztP-M,  =ztP-M\  p, 

-OF).  *  y«  *  y»  • 


(303) 


where  z is  the  arm. of  action  of  the  summary  thrust  from  the  DP; 

y  is  the  arm  of  action  of  the  summary  thrust  from  the  CG 
(center  of  gravity); 


P^Cx^AqStf 


(304) 


c  is  the  thrust  coefficient; 
Xt 

o 

6 A  is  the  propeller  pitch; 


•^k  cxH?Sa  is  the  drag  of  the  shrouds.  (305) 


Converting  to  the  coefficients  we  obtain  equations 

<V.— [4.P  +  4J5,]:  ■■ 

V  » 

m  =  c  oA-—-~ — lm*  ,8+m"ywv);; 
>t  *T0  s< sok  L  \  V  >a  y) 


m ,  —c.  5A' 


’  th 


ScoK  1- 


(306) 
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Thus,  for  determination  of  the  forces  and  moments  that  are  of 
interest  to  us,  in  addition  to  the  thrust  of  the  engines,  it  is  necessary 

to  know  the  coefficients  c&  and  'cB  .  Actually,  by  knowing  the 

*»1  • 


ah.  *h. 

8  * 

coefficient  c  ,  the  other  coefficients  of  the  lateral  forces 
ZH. 

l 

and  moments 

on  the  shroud  can  be  determined  using  the  following  approximate 

expressions 

°z-  \  L  ’ : 

(307) 

where  D„  is  the  minimal  shroud  diameter; 

H. 

X 

l ^  is  shroud  length; 

X 

A-; 

C*B  JZj  z«i  Sjs OK 

(308) 

•  =4  — ; 

x»  .ZH  L  ■ 

(309) 

(310) 

(311) 

. 

•  II 

1 

•  A 

(312) 

where  x^,  are  the  averaged  coordinates  of  the  center  of  effort  of  the 
sail  area  of  the  shrouds. 

D 

Figure  14S  represents  cp  as  a  function  of  a  . 

zu  p 
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Figure  1^5*  Derivative  of  Coefficient 
of  Lateral  Force  on  the  Shroud 

D 

cp  as  a  Function  of  the  Coefficient 
ZH. 

i 

of  the  Coefficient  of  Thrust  Load  of 
the  Propeller  a . 


Figure  1^6.  Coefficient  of  Drag  of 
Shroud  c  as  a  Function  of  Drift 
*H 

Angle  6  for  Various  Relative  Shroud 

Elongations  lu  and  Various  Propeller 
n 

Thrust  Load  Coefficients  o  . 

P 


/  -  c.  «=>  0;  2  -  o 

op -5;  5~o, 
- —  7„  =  0.B4; 


I;  3  -  a  «»  3;  4  — 
P“7 

- 7b-  0,67; 


•  ZH  *=«  0,50 


The  value  of  e 

The  value  of  c  was  obtained  bv 

ZH. 
i 

processing  data  from  the  tests  of  a 
series  of  rotating  shrouds  [12]. 

The  experimental  series  of  shrouds 
had  an  aperture  coefficient  equal  to 
1.25  and  an  expansion  coefficient  of 
1.12.  Therefore  the  dependence  of  c^  on  a  represented  in  Figure  145 

ZH.  P 

l 

should  be  used  only  for  geometrical  elements  of  shrouds  close  to  the 
experimental . 


The  test  results  of  shrouds  for  propellers  [12]  indicated  a  sub- 
stahtial  dependence  of  the  coefficient  c  not  only  on  the  angle  of 

XH 

drift  B  but  also  on  the  coefficient  of  load  of  the  propeller  a  .  Up  to 
drift  angles  6  =  22-23°,  however,  the  dependence  of  c  on  (5  can  be  used 

*LI 
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according  to  the  curve  for  =  0,  assuming  a  safe  margin  Of  error. 

The  dependence  of  the  coefficient  c  for  a  =  0-7  on  shroud  elongation 

p 


T„  and  8,  determined  by  the  processing  of  test  results  [12],  .is  illustrated 
11 

in  Figure  146. 

Forces  and  Moments  Created  by  Rotating  Engines 


The  thrust  of  rotating  engines,  in  the  presence  of  angle  of 
deflection  of  the  direction  of  thrust  from  the  diametral  plane,  yields 

the  following  forces  and  moments: 


n 

V,  P,  COS 

J 


■~Zt  =  2piS in?*; 

■  i 

My'  =  ZTXT  ~ZrXT'  • :  .  ■ 


tfJA. 


(313) 


Additional  forces  and  moments  act  on  rotating  propellers  at  drift 
angle  8,  which  can  be  expressed  through  the  following  equations: 


.  f314) 

MyTt  =  mlJqS«>*L"  (315) 


Expressions  are  presented  in  [41]  for  the  derivatives  of  the  coef¬ 
ficient  of  lateral  force  for  drift  angle  c&  and  coefficient  of  yaw 

Zti 

8  A 

moment  for  drift  angle  m  which  can  be  used  for  approximate  calculations. 


These  forces  and  moments  are  mutually  offsetting  on  counter-rotating 
propellers. 

§23.  Forces  and  Moments  Created  by  Air  Cushion  and  its  Flexible  Skirts 


We  will  examine  the  influence  of  the  flexible  skirts  on  the  aero¬ 
dynamic  forces  and  moments  acting  on  an  ACV  hull,  the  forces  and  moments 
created  by  the  pressure  of  the  air  cushion  on  the  hull  of  the  ACV, 
reaction  of  the  intake  and  exhaust  air  and  its  passage  through  the  inner 
channels  of  the  ACV,  and  also  the  forces  and  moments  of  hydrodynamic 
origin. 
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The  flexible  air  cushion  skirt  changes  the  pattern  of  flow 
around  the  ACV  hull: 

s 

1)  With  a  flexible  skirt  the  clearance,  i.e(. ,  air  space  between 

the  bearing  surface  and  the  lower  edge  of  the  flexible  skirt,  is 
sharply  reduced,  and  this  means  that  the  area  of  interaction  between 
the  oncoming  flow  and  the  air  cushion  is  reduced;  '  ■  . 

2)  the  height  of  the  flexible  skirt,  as  h  rule,  is  much  greater 

than  the  clearance  of  the  ACV  without  a  flexible  skirt,  which  increases 
the  area  of  the  lateral  projection  and  changes  the  position  of  the  center 
of  effort'  of  the  sail  area;  - 

3)  the  flexible  skirt  changes  the  area  and  shap.e  of  the  cross- 
-sections  of  the  ACV,  particularly  at  the  extremities,  which  leads  to 
a  change  in  the  flow  around  the  ACVs  hull  as  a  whole; 

■  i 

4)  the  flexible  skirt,  compared  to  an  air  screen,  is  more  rigid, 
and  therefore  less  subject  to  deformations  as  ‘the  dynamic  pressure  of 
the  oncoming  air  flow  is  increased.  Visual  observations  of  flexible 
skirts  have  not  shown  any  substantial  changes  in  the  shape  of  the 
flexible  skirt  during  motion,  compared  to  the  shape  in  the  hovering 
mode; 


5)  flow  from  beneath  the  flexible  skirt  differs  from  that  from1 
beneath  the  bottom  with  an  air  curtain  and  is  irregular  around  the 
perimeter,  since  the  bottom  edge  of  the  flexible  skirt  has  irregular 
rigidity. 

i 

Consideration  of  the  influence  of  all  these  factors  on  the  aero¬ 
dynamic  characteristics  of  ACV  hulls  is  difficult  due  to  the  complexity 
of  their  interaction. 

i  * 

Comparison  of  the  dependences  of  c  and  m  on  drift  angle  3,  ! 

zk  yk  j 

obtained  for  a  hull  model  with  flexible  skirts,  for  changes  in  the  angle 
3  from  0  to  20°,  with  values  obtained  for  a  model  without  a  flexible  skirt 
suggests  the  following  conclusion  concerning  the  different  character  of 
the  effect  of  the  flexible  skirt  on  the  various  coefficients.  Thus;  the 
flexible  skirt  increases  the  coefficient  of  lat’eral  force  c.  and  the 

■  zk 

coefficient  of  lateral  moment  on  the  hull  in  this  case  can  be  decreased  ’ 
or  increased,  depending  on  the  specific  shape  apd  design  of  the  flexible 
skirt.  1 
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I 
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An  increase  in  the  coefficient, of  lateral  force  c^  is  represented 
i  ,  :  !  k 

by  the  general  law  in  the  presence  of  a  flexible  skirt,  and,  therefore  a 
flexible  skirt  has  an  unfavorable  effect  on  the  bearing  capacity  of  the 
hull.  Analysis  of  the  results  of  tests  of  models  with  flexible  skirts 
and  without  a  flexible  skirt  indicates  =that  a  change  in  ;the  coefficient 

ft  1  *  .  * 

c-  for  models  with  a  flexible  skirt  is  approximately  proportional  to  the 

•,  zk  ' 

change  of  elongation  ,X  i.f  X  and  is  calculated  with  consideration  of 

the  area  of  the  flexible  skirt  and  its  height.  Therefore,  for  approximate 
calculations,  consideration  of  the  effect  of  ,-the  flexible  skirt  on  the 
aerodynamic  characteristics  of  the'  hull  can  be  confined  to  the  inclusion 
of  theiarea  of  .the  lateral  surface  of  the  flexible  skirt  and  its  height 
in  the  calculation  Of  S„  and  X. 

fiOK 

«  , 

Forces  and  Moments  Created  by  Pressure  of  Air  Cushion  on  Bottom  of  ACV 

i 

1  AS  was  ishown  earlier,  the  presence  of  the  air  cushion  beneath  the 
hull  of  the  ACV  leads'  to  asymmetric  distribution  of  the  component  of 
normal  stresses  caused  by  its  stptic, pressure  and  acting  on  the  hull  due 
to  the  action  of  the  boundary  layer  of  air.  The  forces  from  this  com¬ 
ponent  represent  the  principal  part  of  the  .lift  of  the  ACV.  They  can 
be  related  to  the  center  of  the  gravity  of  ‘the  ACV  (origin  of  the  fixed 
coordinate  system)  and  represented  in  th'e  form  of  resultant  force 

R  and  moment  Mi.  Of  their  projections  onto  the  fixed  axes  we  are 
,1  i 

interested  in  this  section  only  in  the  lift  and  the  moments  of  roll  and 
trim  created  by  it:  1  1 

'  !  i  Ytt~claGBay 

'  1  =  m.GB • 

i  n  n  »\  (316) 


j  I 

’  We  will  examine  the  creation  of  moments  by  the  air  cushion  by  way 
of  the  example  of  the  moment  of  roll..  We  will  analyze  the  moment  of  roll 
from  the  forces  of  pressure  in  the  cushion  in  the’  form  of  two  components; 


M*n  T  M*u  (°)  +  M*a  ('®)> 


I 


i 


where 


M,>)  = /n*n6  GSa;  • 


('318) 

(339) 


Here  M  (8)  and  M  (8)  are  the  recovery  and  damping  moments  of  roll, 
x  x 

n  n  -  - 

respectively,  from  the  forces  of  pressure  in  the  air  cushion; 

0  cj 

m  and  m  are  the  derivatives  of  the  coefficients  of  the  recovery 

xn  xn 

and  moments  of  roll  in  Verjns  of  0  and  to^,  respectively. 

The  recovery  moment  of  roll  from  the  air  cushion  can  be  determined 
in  accordance  with  equations  presented  in  the  chapter  concerning  the 
stability  of  ACV.  We  will  examine  below  the  problem  of  damping  the 
moment  of  roll. 

In  the  presence  of  an  angular  velocity  of  motion  of  the  ACV  in  the 
direction  of  roll,  the  pressure  in  the  air  cushion  beneath  the  lower 
side’ of  the  vessel  increases,  and  the  pressure  beneath  the  higher  side 
decreases.  This  circumstance  leads  to  the  development  of  a  damping 
moment .of  roll  from  the  air  cushion. 

If  the  air. cushion  is  divided  into  individual  sections,  the  method 
of  calculation  of  the  additional  component  of  width  from  the  vertical 
oscillations  of  a  single  contour  nozzle  apparatus  can  be  employed 
for  the  approximate  determination  of  the  damping  moment  of  roll,  using 
it  individually  for  each  side  section  of  the  ACV. 

The  additional  component  of  lift  of  the  air  cushion  in  the  presence 
of  vertical  oscillations  of  the  ACV  arises  due  to  the  change  of  pressure 
within  the  air  cushion,  and  also  the  change  in  the  amount  of  motion  of 
the  jet  of  the  air  curtain  and  of  the  air  flowing  in  and  out  of  the  air 
cushion.  It  depends  basically  on  the  vertical  velocity  and  acts  in  the 
direction  opposite  the  velocity  vector.  In  this  connection  we  will  assume 
that  this  component  is  independent  of  the  character  of  the  screen  and  the 
presence  of  the  flexible  skirt. 

We  will  examine  the  problem  of  vertical  oscillations  of  an  apparatus 
with  a  single  contour  nozzle,  without  a  flexible  skirt,  hovering  above  a 
solid  screen.  In  solving  the  problem  we  will  consider  the  exponential 
distribution  of  velocities  and  pressures  through  the  thickness  of  the  jet. 
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Additionally  we  will  make  the  following  assumptions: 

The  compressibility  of  air  is  not  considered; 

the  inertial  forces  are  not  considered  (steady  state  motion  is 
examined) ; 

the  principle  of  superposition  is  valid  for  determination  of 
pressure  increments. 

As  the  vehicle  descends  at  velocity  V^,  the  volume  of  the  air  cushion 

decreases,  and  the  pressure  within  it  increases.  Here  the  enclosing 
properties  of 'the  air  screen  change  in  the  following  manner  (Figure  147). 
The  mean  velocity  of  .the  air  screen  jet  increases  at  nozzle  exit  in 
relation  to  the  bearing  surface,  and  the  mean  angle  of  inclination  of 
the  discharge  velocity  vector  decreases.  The  increase  in  the  velocity 
of  the  air  screen  jet  leads  to  an  increase  in  the  amount  of  its  motion 
and  thereby  facilitates  maintenance  of  higher  pressure  in  the  air  cushion. 
A  reduction  of  the  angle  of  inclination  of  the  discharge  velocity  vector 
has  the  opposite  effect,  but  its  influence  on  pressure  in  the  air  cushion 
is  much  smaller.  The  opposite  processes  take  place  during  motion  upward. 


Figure  147.  Summation  of  Velocities 
in  a  Jet  During  Descent  of  ACV. 


In  consideration  of  the  above  statement,  the  force  of  damping  can 
be  analyzed  in  the  following  form: 

■  i>d  =  ApSn',  (32C 

The  pressure  increment  Ap  is- found  as  follows: 


AP  =  Pn~Pa 
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where  is  the  pressure  in  the  air  cushiro,  resulting  from  the'  change, 
in  the  amount  of  air  it  contains. 

This  pressure  can  be  determined  on  the  basis  of  the  amount  of  motion 
of  the  air  flowing  from  the  air  cushion  (during  downward  motion  of  the 
ACV) .  In  order  to  determine  the  quantity  of  motion  it  is  essential  to 

know  flow  rate  Q  and  discharge  velocity  V.  of  the  air  from  the  cushion. 

•  ,3 

The  flow  rate  is  determined  on  the  basis  of  the  velocity  of  vertical 
motion  of  the  ACV 


Q  =  SaV^ 


(322) 


The  air  escape  velocity  is  determined  by  the  excess  pressure  in  the 
cushion.  In  this  case,  when  a  reduction  of  altitude  is  accompanied  by 
a  change  in  .the  amount  of  air  in  the  cushion,  pn  can  be  used  as  the  excess 

pressure.  Hence, 


and  the  per-second  rate  of  travel  is 


tQv,~pSnv„ 


(324) 


I 


Further,  constructing  the  equation  of  equilibrium  of  the  jet,  with  con¬ 
sideration  of  (324)  we  obtain  the  following  expression: 


Hence 


(325) 


(326) 


Using  this  equation  we  can  calculate  in  the  first  approximation 
the  damping  force  created  during  angular  oscillations  of  the  ACV  accord¬ 
ing  to  the  role  of  each  section  of  the  lowered  and  elevated  sides. 

These  forces  will  create  a  damping  moment  of  roll,  representing  the 
moment  ^f  a  pair  of  forces,  equal  to 


(327) 
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where  IIc  is  part  of  the  perimeter  of  a  section  from  which  .the  air  is 
discharged  into  the  atmosphere; 


S  is  the  area  of  the  section, 
c 

Further  conversions  lead  to  the  following  expression  for  M  (<o  ) : 

n 


VtyPn 

AIT  c 


(328) 


with  consideration  of  the  dependence 


2ScVum 


where  •  ; 

U  = 


is  the  volume  occupied  by  the  air  under  the  section  of  the 
lowered  side; 

U 2  is  the  volume  occupied  by  the  air  under  the  section  of  the 
elevated  side, 

dU  _  dU  d9  _  dU 
dt  dO  dt  ~  d9 

The  value  of  dU/d0  fo**  a  single  contour  jet  screen  with  two 
longitudinal  nozzles  is  expressed  as  follows  (according  to  the  data 
of  V.  V.  Krainev  and  V.  G.  Tabachnikov) : 


dU_ 

dO 


—  2Sczc  +  2S7t 


h*r  ' 
cos*  tr,  ’ 


(329) 


where  Xr  =  S  +  Su;  S,  is  one-half  the  area  of  the  internal  section; 

ebb  ’ 

l '  is  the  base  of  the  area. 

Equation  (329)  shows  that  when  ^  0,  derivative  dU/d0  at  high’ 

hoveiing  altitudes  h  becomes  positive  and  the  moment  becomes  an  oscil¬ 
lating  moment  and  not  a  damping  moment. 
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V 


This  occurs  for  the  value  of  h 


A>^(s'sin?1+ 


(330) 


Comparing  expression  (319)  with  (328)  we  obtain 


qjr _ _ 

mxn  ~  hU^LBnG 


(331) 


The  coefficient  m  ,  obtained  on  the  basis  of  expression  (331) ,  is 
xn 

compared  in  Figure  148  with  the  coefficient  obtained  in  [25]  experimentally 
for  an  ACV  model  with  a  single  contour  nozzle  and  two  longitudinal 
nozzles  while  hovering  over  a  solid  screen,  Shown  also  is  the  curve 
obtained  in  [25]  according  to  tho  analytical  expression  based  on  linear 
theory.1  It  is  clear  from  Figure  148  that  the  theoretical  curve,  cal¬ 
culated  according  to- expression  (331),  is  much  closer  to  the  experimental 
curve  than  that  obtained  on  the  basis  of  the  analytical  expression  based 
on  linear  theory.- 


Figure  1^8.  Derivative  of  Roll 
Moment  Coefficient  From  Air 
Curtain  for  Angular  Roll  Velocity 

m“x  as  a  Function  of  Relative 
*n 

Hovering  Altitude  h/B  . 

n 

-r' — : — ,  Theoretical  data  [25]; 

>  Theoretical  data  [equation 
(331)1; 

Q-O-O-,  Experimental  data  [25]. 


Moments  and  Forces  Created  by  Reaction  of  Intake  and  Exhaust  Air 

The  force  created  by  the  reaction  of  the  air  drawn  into  the  air 
receiver  of  the  fan  is' 


linear  theory  is  the  outcome  of  linear  drop  of  velocities  and  pressures 
to  the  width  of  the  nozzle. 


7  - 


R^R^&V, 


(332) 


where  Q  is  the  flow  rate  of  the  air  moved  by  the  fan. 

The  projections  of  this  force  of  interest  to  us  onto  the  coordinate 
axes,  rigidly  fixed  to  the  ship,- with  the  fan  .located  symmetrically  in 
relation  to  the  DP,  are: 


■X*,==-pQV,~-pQK; 

Z*— pQK,»-pQW. 


(333) 


If  xD  ,  yD  and  zD  are  the  coordinates  of  the  point  of  application 
R1  R1  R1 

of  the  force  relative  to  the  center  of  gravity  of  the  vessel,  then  its 
moments  in  relation  to  all  the  coordinate  axes  will  be  of  the  form 


M^ryA- 

M%  =  \zr>-  ' 


(334) 


If  the  AC V  is  rotated  in  relation  to  the  center  of  gravity  the 
amount  of  motion  of  the  air  passing  through  the  fan  air  receiver  will 
change,  with  the  result  that  on  .the  air  receiver  will  also  occur  forces 
and  moments  proportional  to  the  velocity  of  its  angular  displacements 

tio] '  #  .  .  . 


Mr 

-(4  +  4J-*+w11t5 

myRr&[xRyRZx- 

~  (*R,  +  ZR,)  *T *  » 


(335) 


A,Vf»«,  "  >lQ  [****."*  -  (4.  +  A) "*  +  **M*? y|  T  ■ 


-300- 


n 

In  the  case  of  several  fans  Q  =  ^  Q. 

i  1 

£v« 

*K.  ~  Q  ’ 

1 

q  *  (336) 

•  n  -  . 

s«<z», 

I  _ _ 


Of  the  forces  and  moments  created  by  the  reaction  of  the  air  discharged 
from  beneath  the  lower  edge  of  the  flexible  skirt  ^a5  and  MaJ-  there  exists 

only  longitudinal  and  lateral  forces  created  by  the  horizontal  component 
of  the  force  of  reaction  during  roll  and  trim  XD  ,  ZD  ,  and  also  moments 

K2  K2 

relative  to  axes  Ox  and  Oz,  created  by  forces  X  and  Z 

k2  K2 

In  the  presence  of  a  flexible  skirt,  the  reactive  component  of 
lateral  force  can  be  represented  in  the  following  form: 


where 


(337) 


For  approximate  calculations  ZD  during  hovering  of  the  ACV  above 

R2 

water  can  be  assumed  equal  to  the  value  of  ZD  during  hovering  over  a 

R2 

solid  screen. 

The  moment  M  from  this  force  has  arm  of  application  yD  equal  to 
XR2  R2 

the  distance  between  the  center  of  gravity  and  the  middle  of  the  slit 
through  which  the  air  is  discharged  during  rolling  of  the  ship.  This 
arm  of  application  is  practically  equal  to  the  elevation  of  the  center 
of  gravity  above  the  level  of  the  undisturbed  water 

MxRt  ~  ~  (338) 
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Longitudinal  force  XD  ,  with  positive  trim  (on  the  stern)  represents 
R2 

a  reactive  component  of  drag,  which  caa  be  depicted  graphically  (Figure 
149).  Flexible  skirts,  because  of  their  wash  during  motion,  prohibit 
representation  of  reactive  drag  in  pure  form,  and  therefore  the  reactive 
drag  of  ACV  models  with  flexible  air  cushion  skirts  is  part  of  the 
residual  drag.  Thus,  we  obtain 


■  X#  — 

ZR  ~  ZR,  +  ^Zfti  +  Z&  '  . 


MXR  =  MXR+mXR^MXR} 


(339) 


Figure  \k3.  Relative  Reactive  Component 
of  Drag  X_  /G  as  Function  of  Effective 

h 

Trim  Angle  ij>  -  Rg/G.  's  wave  drag; 
<Ji  is  trim  angle. 


Forces  and  Moments  from  Inertia  of  Air  Flowing  Through  Air  Channels 
of  ACV 

The  air  that  flows  through  the  air  channels  of  ACVs  is  a  continuous 
medium,  to  which  apply  the  laws  of  dynamics  of  a  rigid  system  of  material 
points  [48] . 

If  during  motion  of  a  rigid  system  of  material  points  their  trajectories 
are  predeterimed  by  the  constraints  applied  to  the  system,  then  to 
the  system  is  applied  the  action  from  the  applied  constraints.  The  con¬ 
straints  that  constrict  movements  of  the  material  points  of  the  system 
act  on  them  by  means  of  forces  called  the  forces  of  constraint  reactions. 

Indeed,  any  force  of  inertia  is  a  reaction  of  a  system  of  material 
points  applied  to  the  constraints  and  developing  when  some  acceleration 
is  imparted  to  the  system  as  a  result  of  the  constraints. 

It  follows  from  the  above  that  in  the  general  case  of  unsteady  motion 
the  ACV  experiences  the  effect  of  air  passing  through  the  air  channels, 
which  should  be  taken  into  account  in  the  differential  equations  of 
motion  as  one  of  the  categories  of  external  forces. 
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Determination  of  these  forces  is  based  on  the  laws  of  dynamics  of 
complex  motion,  for  the  air  parsing  through  the  air  channels  of  an  ■ 
ACV,  motion  performed  by  an  AC'/  in  relation  to  systems  of  fixed  Earth 
coordinate  axes  is  translatory,  and  motion  accomplished  in  relation  to 
the  vt  :el  is  relative  motion;  the  passage  of  air  through  air  ducts  in 
relation  to  the  system  of' fixed  coordinate  axes  is  absolute  motion. 

The  forces  of  inertia  of  air  flowing  through  the  air  ducts  of  an 

i  -+■  — V 

ACV  belong  to  the  category  of  forces  and  moments  R  ,  and  M  _•  (see  §11 

Chapter  II)  and  in  the  general  case  are  reduced  to  a  force  equivalent 
to  the  principal  vector  of  inertial  forces  and  to  a  pair  of  forces 

whose  moment  relative  to  the  center  of  reduction  is  equivalent  to  the 
principal  moment  of  inertial  forces  M^. 

i (340) 


is  the  principal  vector  of  translatory  forces  of  inertia; 

is  the  principal  moment  of  translatory  forces  of  inertia; 

is  the  principal  vector  of  Coriolis  ..forces  of  inertia; 

is  the  principal  moment  of  Coriolis  forces  of  inertia  of  air 


In  turn 


where  ft 


urn 


M 


Hn 


UK 


UK 


If  the  flow-through  part  of  the  ACV  is  symmetrical  with  respect  to 
its  longitudinal  and  transverse  axes,  even  if  the  air  intaker  of  the 
fans  are  arranged  somewhat  asymmetrically  in  relation  to  the  center  of 
gravity,  the  forces  and  moments  of  inertia  that  develop  during  trans¬ 
latory  movement  of  the  air  can  be  disregarded  because  of  their  smallness 

Coriolis  acceleration  of  air  occurs  during  rotational  translatory 
motion  of  the  ACV  and  characterizes  the  change  of  relative  velocity  in 
translatory  motion  and  of  translatory  velocity  in  relative  motion  and 
it  is  equal  to  twice  the  vector  product  of  angular  velocity  of  trans¬ 
latory  motion  of  the  ACV  and  relative  velocity  of  the  air  in  the  air 
ducts 
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or  'in  terms  of  the  modulus 


. !  ^xop  I  —  ^  [(®nep)  VcjA  s*n a*»  ' 

where  a*  is  the  angle  between  the  vectors  of  the  angular  velocity  of 
rotational  translatory  motion  and  relative  velocity  of  the  air  in  the 
air  channels. 

Coriolis  acceleration  is  perpendicular  to  the  plane  formed  by  the 
vectors  of  angular  velocity  of  rotational  translational  motion  and  the 
relative  velocity  of  the  air  and  is  applied  in  the  direction  to  which 
the  vector  of  relative  velocity  is  deflected  due  to  rotation. 

If  to  the  air  passing  through  the  air  channels  cf  an  ACV  is  imparted 
Coriolis  acceleration,  then  the  air  will  develop  a  Coriolis  force  of 
inertia. 

The  Coriolis  force  is  numerically  equal  to 

•  ^«!C  =  _  (341)- 

is  applied  in  the  direction  opposite  to  Coriolis  acceleration  and,  like 
any  force  of  inertia,  is  applied  to  the  constraints,  i.e.,  directly  to 
the  ACV  hull. 

For  an  ACV  with  a  nozzle  in  the  form  of  a  single  contour  peripheral 
nozzle  with  two  longitudinal  stabilizer  nozzles,  the  projections  of  the 
Coriolis  forces  and  moments  of  inertia  of  interest  to  us  on  rigid  axes 
can  be  represented  in  the  -following  form: 


;Vf„ 


Kbk  =  0;  . 

,  ’  •  -  •  » 

2«k  =  2p  QH^ox^~; 

Kk  *  W  Oh,  ~  Ur)  “  ' 


(342) 


-2pQ//1^X__Lp(?[6iA  + 


-  V 


L  ’ 
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M.,.  =  2fQ«l  to.  -  *s)  *VJ  — g-pQ  [31.A  +,’ .  ‘ 

r  J  ' 


(342) 


where  K^’  and  ^  are  form  factors  of  the  nozzle  in  plan; 

h^  is  the  vertical  distance  between  the  center  of  gravity 
of  the  ACV  and  the  top  edge  of  the  intake  (of  the  air  duct) ; 


Hi -ife.+V‘ 


The  form  factors  are  shown  in  Figure  150.  In  the  case  of  steady 
state  circulation  ay  =  0.  Moreover,  translatory  movement  of  air  in  the 

air  ducts  (motion  of  the  ACV  itself)  consists  of  two  rotations  at  the 
same  angular  velocity  ay,  in  the  same  direction.  In  this  case  the 

resultant  motion  of  the  ACV  will  be  instantaneous  rotation  an  angular 
velocity 


2®„ 


around  an  instantaneous  axis  parallel  to  the  Oy  axis.  Only  M  is  not 

¥  UK 

equal  to  zero:  . . . 


MyKK  —  —  fQ~  J^6LnB„  +  Kx  +.  KtjBn  + 

•  +  (y  ^*  +  *)  La j  <y 


(345) 


Figure  150.  Form  Factors  in  Plan  Kj 
and  as  Functions  of  Relative  Hull 
Width  B/L  (According  to  K.  P.  Vashkevich). 


It  is  clear  from  the  above  expressions  that  the  Coriolis  forces  and 
moments  of  inertia  of  air,  other  conditions  being  equal,  depend  on  the 
geometrical  shape  and  distribution  of  the  air  ducts  and  ratio  of  the 
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principal  dimensions  of  the  ACV.  Assuming  that  the  Coriolis  forces  and 
moments  of  inertia  depend  little  on  the  presence  of  a  .flexible  skirt  and 
that,  this  dependence  can  be  disregarded,  then  they  can  also  be  determined 
for  ACV  with  a  flexible  skirt  according  to  equations  (342) ,  (343) 

Hydrodynamic  Forces  and  Moments 

Hydrodynamic  forces  and  moments,  as  stated  earlier,  can  be  broken 
down  into  two  categories: 

The  first  category  includes  forces  and  moments  caused  by  the  inter¬ 
action  of  the  air  cushion,  as  a  system  of  distributed  surface^pressures , 
with  the  surface  of  the  water; 

The  second  category  includes  forces  and  moments  cuased  by  the  inter¬ 
action  of  the  flexible  skirt  with  the  water  surface. 

The  first  category  of  hydrodynamic  forces  yields  to  theoretical 
analysis-,  whereas  the  second,  in  turn,  consisting  of  components  different 
in  nature,  cannot  be  subjected  to  theoretical  analysis  and  can  be  de¬ 
termined'  approximately  on  the  basis  of  test  results. 

Forces  and  Moments  Created  by  the  Interaction  of  the  Air  Cushion  VHth 
the  Water  Surface  (Belong  to  Category  of  Forces  and  Moments  Ra4»  MaV 

See  §11,  Chapter  II). 

The  hovering  of  an  ACV,  as  we  know,  is  accompanied  by  continuous 
forcing  of  air  into  the  high  pressure  region  under  the  bottom.  Air 
simultaneously  escapes  from  the  high  pressure  region.  The  escaping 
air,  finding  its  way  into  the  surrounding  space  (along  the  boundary 
between  the  two  media- -air  and  water)  continuously  transmits  some  of  its 
energy  to  the  water  surrounding  it 

In  the  hovering  mode,  consequently,  there  is  continuous  perturbation 
of  the  water,  which  leads  to  the  appearance  of  wave  motions  of  the  fluid. 
Thus,  part  of  the  power  of  the  mechanical  plant  is  expended  in  the  hover¬ 
ing  mode  on  the  formation  of  waves. 

During  forward  motion  the  interaction  of  the  air  in  the  air  cushion 
with  the  surrounding  water  becomes  complicated.  In  this  case,  wave 
drag  appears  (see  Chapter  IV),  which  can  be  represented  as  a  force 
equivalent  to  the  horizontal  component  of  the  pressure  acting  on  the 
water  surface  in  the  direction  of  travel. 


In  our  investigation  of  controllability  we  were  interested  in  the 
forces  of  wave  origin,  which  occur  in  the  most  complex  case  of  ACV  travel- 
--during  travel  with  drift  angle  |J, 
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In  connection  with  the  fact  that  wave  drag  is  a  components of  the 
forces  of  wave  origin,  acting  in  the  direction  of, travel,  in  the  system 
of  coordinate  axes  rigidly  connected  to  the  vessel  it  will  have  the 
following  components:  i 

xb  =  ~RXi cos?;  '  : 

Z  ——R^  sin?,  •  ■  ,  (344) 

*  s.  « 

i 

where  R  is  wave  resistance  at  the  angle  of  drift. 

1 

We  will  assume  that  the  force  of  wave  drag  is  applied  at  the  center 
of  gravity  of  the  projection  of  the  air  cushion  area  onto  the  horizontal 
plane,  and  with  respect  to  height,  at  the  nozzle  exit.  *  !  j 

.  If  Xg,  y^,  Zg  are'  the  coordinates  of  the!  point  of  application  bf 

the  force  of  wave  resistance,  the  moments  of  this  force  of  interest  to  i 
us  will  be  expressed  through  the  following  equations: 


Mxb  — 

.  Myt  ~ 

Mzb  —  XtHv 


(345) 


Thus,  in  order  to  determine  the  forces  and  moments  of  wave  origin  * 
it  is  essential  to  know  the  magnitude  of  wave,  resistance  R  1  during  ACV 

X] 

travel  with  an  angle  of  drift.  * 

The  wave  resistance  of  a  floating  vessel  as  it  travels  with-drift|  , 
angle  6  at  the  interface  of  the  two  media  has  not  yet  been  analyzed. 
Therefore,  and  also  because  of  the  smallness  of  the  Angles  of  drift 
during  travel  of  floating  vessels,  the  influence  of  the  angle  of  drift 
on  wave  resistance  is  usually  either  disregarded  [2]  or  determined  ac-1 
cording  to  an  approximate  empirical  formula  [12]. 

The  drift  angles  of  ACVs  during  maneuvering,  as  we  know,  are  con¬ 
siderably  greater  than  those  of  floating  vessels.  •  Therefore,  it  is 
worthwhile  to  determine  the  magnitude  and  character  of  the  range  of 
wave  resistance  of  ACVs  during  travel  with  a  drift  angle...  ■■ 

In  examining  the  problem  of  y? ave  resistance  of  a  rectangular  system  i 
of  constant  pressure,  moying  on  the  open  water  surface  with  drift  angle 
6  [8],  the  expression  for  R  remains  the  Same  as  before  .(see  Table  IV),, 

XI 

although  the  values  of  coefficients  A,  b,  C  and  D  are  different. 


i 


V 


In  order  to  determine  these  coefficients  in  the  case  of  travel  of 
a  rectangular  .constant  pressure  system  with  drift  angle  g  we  will  intro- 
i  duce  two  systems"  of  coordinate  axes:  .  . 

.  « 

:  system  of  axes  rigidly  attached  to  rectangle  Oxy  and  system  of 
velocity  axes  Ox.y^  (Figure  1513. 


4k  ■  •  \ 


j  Figure  151.  Systems  of  Axes  Connected 
to  Rectangle  (XOY)  and  Velocity  Axes 

(x,0y.’)  in  the  Problem  of  Wave  Re- 
:  l  f  • 

sistance  of  Rectangular  Constant 
Pressure  System  Moving  with  Drift 
•  Angle  C  ■■ 


>  We  will  substitute  the  integration  variables  in  the  expressions  for 
:  A,  B,  C 'and  D  on  the  basis  of  the  following  equations  (Figure  151): 


^=xcqs^TfilsfnPj-  Vl 
Hi  —  ilcosjl — xsinip. 


Using  the  definitions  1 


a*  =  v/cosg;.  '  • 
b*  =Vfcosf>; '  .  ’ 1 

_ «  *•'  1 

C*  =  yt  Y-P-r- 1  COS p; 

d*  ~  yt  j/  :*— 


we  have 


1  cos  ''tXx  “  cos  a*x  cos  b*y  sin  a^jc  sin  b*  y\ 

».  •  J 

si  n  ytxi  =  si  n'a*x  co$  b*y  +  cos  a*  xsi  n  b*y; 
cos  v/  y  P—lyx  =?  cosc*^-cosd.*x  +  sin’c*i/-sind*x; 
sinv/|/f*—  l  yx  =  sinc*V*cosd*x — zasc*y-s\nd*x. 
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After  substituting  these  values  into  expressions  (183)  and  integrat¬ 
ing,  we  obtain 


A  =  2P„  cos?p 


[sin (a*  4  d*} 
a®4d® 


d*)~  sin  (6*  —  e*)  -^2. . ' ' 

.  2  ,  • 

.  6®-c®  +  I 

■  •  I 

sin  (a»  -  d®)  A  sin  (6*  +  c*)~ ‘  -  ' 

-} - .  - - ?_ 

,fl*  — 4*  6®  4  c® 

B  =  0;  C  =  0; 


(349) 


{sin  (a®  -|;  d*)~  sin  (6* — e®)  J?2. 

- - - L__ 

o*  -}-  d®  '  b* — c* 

sin  (a*  —  d*)~.  sin  (6®  -f  c*)  —2.  "I 

a*  — 4®  :  ~6®  +7»: J '  ' 


Substitution  of  the  expressions  for  the  coefficients  of  (349)  ii._o 
equation  (182)  yields 


Rr_i^raS‘|! 

■**  rpR® 


sin*  (a®  4  d®)  JlL  sin*  (6*  —  e®)  — 

2  2 


(a*  -i-  d*)> 


sin*  (a®  —  d*)  -^2-  sin  (6®  4  e®)  - 

x  *  2 


+ 


-c®)-®2- 


(a® -4®)* 


(6®  4  c®)’ 


(6*  —  c*)* 


<‘4/ 


(350) 


Using  relations  (347) ,  we  obtain  the  following  expression  for  R  : 

X1 


n  ^ng2 

jtpV«v« 


sin* p~  COS }  (l  +  V  t*~\  tan 


X 


(l  4  V  P—  I  tan  6) c 
sin’ [-^  cos  ^  (tan  $  - 


(351) 


(ig?  — — l)* 


+ 
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^  I 


■  . ,  ■  -  V! 

'  ‘  .0 *r*-\ tgs)*.: ‘V 

■'  ..■  .  .  '  :  ;VX 

•  f'v/»L  •  •■  ‘y  ::  :  — -«*'  ■  «*y> 


Sin*  [^jf2-  ^  (*8  ?  '+  V  <*  -r  1 
(tgp'*y ■ 


.  ..dt  -.  ’ 

V^T  V- 


After  substituting  g/V2  for  v,  where  g  is  acceleration  and  V  is 
velocity,  and  also  using  the  definitions 


■  b - ! _ ■»  =  Is.- 

*'T  Fr*  “  V*  ”  i  n  La  * 


where  Fr  is  Froude's  number  and  B  and  L.  are  the  width  and  length  of 

.  n  n 

the  pressure  rectangle,  we  will  obtain  for  R  the  following: 


OO 

R  ’  spiv*  n s,h*  [t  c“?  (* + v  *  w)j 


.  **  J  l.  (1+VTZh ,?)*  ,  ■  ' 

\  ’  '  •» 

(tgf>~y<‘-l}*  '+; 

!  “  5ln*  cos  ?  (i  - y  "<*-l  tgp)  J .  . ,  . .  1_:  . 

i .  ,  +  ./. x  . 

*  «  .  «  .j  .  , 

sin*  [-^2^  cos  3  (tg  ?-}-!/<•—  1  )1  ■'  : 

©  X _ *■-  2-  _  J  dt 

■  («gp+y>ri)*  -  v^.ri  * 

Further,  we  will  examine  specific  wave  .resistance 


-£*.  = _ *£■.  .  —  A  (k  »  \  7pa 

'  G  PninSn  ;  p(  ’  ^n'  Hn  * 


The  curves  of  coefficient  Ac  as  a  function  of  Froude's  number  are 

P 

shown  in  Figures  152-157  for  different  drift  angles  6  and  coefficients 

ti  ,  constructed  on  the  basis  of  the  results  of  calculations  using 
n 


equation  (353) .  It  follows  from  these  graphs  that  the  angle  of  drift 

B  has  a  substantial  influence  of  coefficient  A, ,  causing  it  not  omy  to 

p 

increase,  but  also  to  decrease. 
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Fioure  152.  V/ave  Resistance  Coefficient  Ag  as  a  Function  of 
l-roude's  Number  for  Vart’ous  Drift  A-tgles  B  and  Ln/Bn  =  5. 


Figure’  154.  Wave  Resistance  Coefficient  Ag  as  a  Function  of 
Froude's  Number  for  Various  Drift  Angles  6  and  L  /B  =  2.5 


The  graphs  (Figures  152-157),  constructed  for  the  most  common  air 
cushion  elongations,  show  that  wave  resistance  on  the  "hump”  is  much 
less  for  angle  3=0  than  for  other  angles  of  drift;  the  exceptions 
are  drift  angles  6  =  30,  35  and  40°.  This  is  evidence  that  the  hump 
should  be  overcome  by  strictly  holding  to  zero  drift.  At  high  speeds 
(Fr  =  1.3- 1.5)  angle  of  drift  3  >  10°  leads  to  reduced  wave  resistance, 
and  only  at  angle  of  drift  5°  is  the  resistance  higher  than  during 
travel  without  drift. 


Thus,  we  obtain 


(354) 


Forces  and  Moments  Created  by  Interaction  of  a  Flexible  Air  Cushion 
Skirt  with  Water  Surface  (Belong  to  Category  of  Forces  and  Moments 

ft.  and  Mr,  See  §11,  Chapter  11) 

Visual  observations  of  the  movement  of  ACV  models  with  the  various 
types  of  flexible  skirts,  and  comparative  analysis  of  the  curves  of 
tow  drag,  indicate  that  the  fisxible  ski'rt  qualitatively  alters  the 
tow  characteristics  of  models. 

A  flexible  skirt  comes  into  direct  contact  with  the  water  surface, 
with  the  result  that  components  of  the  flexible  skirt  are  awash  in  the 
stem  part.  The  intensity  of  the  washing  of  flexible  skirt  components 
depends  on  the  following  basic  factors: 

design  and  material  of  flexible  skirt; 

weight  of  ACV; 

centering  of  ACV; 

air  flow  rate; 

speed  of  travel. 
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An  extra  component — skirt  drag,  is  added  to  the  drag  of  the  model 
as  a  result  of  skirt  washing.  Moreover,  spray  resistance  develops  as  a 
result  of  interaction  of  the  escaping  air  jets  with  the  water  and  re¬ 
action  of  water  spray  with  the  flexible  skirt  and  hull  of  the  vessel. 

As  pointed  out  in  Chapter  IV,  there  are  presently  no  theoretical 
or  experimental  data  for  determination  of  the  role  of  each  component 
in  the  overall  balance  of  this  portion  of  hydrodynamic  resistance. 
Therefore,  it  is  determined  as  a  whole  as  residual  resistance 


R 


r.o 


(355) 


where  R_  is  the  hydrodynamic  drag  according  to  the  results  of  model  tow 
tests,  also  including  reactive  drag. 

During  ACV  travel  with  an  angle  of  drift,-  especially  at  an  angular 
velocity,  the  processes  of  reaction  of  the  flexible  skirt  and  air  jets 
flowing  from  beneath  it,  with  the  surface  of  the  water  is  substantially 
complicated,  as  we  cannot  determine  the  forces  and  moments  created  by 
this  reaction,  either  component-wise  or  as  a  whole. 


In  order  to  approximate  this  force  we  may  assume  that  residual 
resistance  does  not  change  at  small  angles  of  drift.  In  this  case  the 
residual  resistance  may  be  broken  down  into  two  components:  longitudinal 
and  lateral 


Kr.0  cos?;  i 

flr.0sinp. 


(356) 


If  x  ,  y  are  the  coordinates  of  the  point  of  application  of 

I  •  U  I  *  u  , 

the  force,  then  the  moments  of  interest  to  us  are 


^jTf.o  -  ^r.o^r.o* 

M  =  Z„  jc.  n. 

yr.o  r-°  r-° 


(357) 


Thus,  in  order  to  determine  the'  forces  and  moments  created  by  the 
interaction  of  the  flexible  skirt  with  the  water  surface  it  is  essential 
to  know  residual  drag  R  and  the  coordinates  of  its  point  of  application. 


In  this  case  we  obtain 


(358) 
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4o  = 


-*  8; 


Mxr. 


My  .= 

yr.o 


—  R  8jc  . 
kt1  r.o 


§24.  Differential  Equations  of  Motion 

In  the  most  general  case,  the  motion  of  an  ACV  as  a  freely  moving 
solid  body  is  determined  by  a  system  of  six  equations  of  the  second 
order  or  by  a  system  of  twelve1  equations  of  the  first  order.  Of  these 
twelve  equations,  six  represent  kinematic  equations  and  the  other  six 
are  differential  equations  of  solid  dynamics,  related  to  a  system  of 
coordinates  axes  rigidly  attached  to  the  vessel. 

Kinematic  Equations  of  Motion 

■  The  spatial  motion  of  an  ACV  as  a  free  body  can  be  broken  down  into 
two  simple  components:  translational--aiong  with  the  pole  (center  of 
gravity)  and  rotational- -around  the  pole.  The  rotational  portion  of 
ACV  motion  is  completely  defined  if  Euler's  angles  ,  tp  and  0  are  given 
(see  §21) .  Therefore  the  equations 

■  ?  =  ?(*);  ❖  =  6  =  8(0 

•are  equations  of  rotation.  From  these  are  found  the  vector  of  angular 
velocity,  equal  to  the  geometric  sum  of  three  components: 

->  7*  -*  .? 

u>  =  ©  -j- 


Each  of  these  components  characterizes  the  rate  of  change  of  Euler's 
angle  and  is  directed  along  the  corresponding  axis  of  rotation.  The 
projections  of  the  angular  velocity  of  rotation  of  the  ACV  around  the 
center  of  gravity  onto  the  axes  are  of  the  form 


iox  —  6 -f  ©sin'|i; 

>„  —  4*  sin  0  4-  i  cos  -'j  cos  0; 
o,  =  ^cos  0  —  ©  cos  0  sin  0 


or,  solving  the  equations  in  terms  of  <p ,  ip  and  0, 

•  Uucos0— u.sInO  . 

?  =  — - r — ; 

cosy 

=  w^sinO  w2cosO; 

6  =  o)x  —  tg  b  (»j,  cos  0  —  sin  0). 


(358) 


/  ^r.o'=  ~RoJyr:0’^ 


Myr.6^~R^Xr.o- 


§24.  Differential  Equations  of  Motion 

In  the  most  general  case,  the  motion  of  an  ACV  as  a  freely  moving 
solid  body  is  determined  by  a  system  of  six  equations  of  the  second 
order  or  by  a  system  of  twelve1  equations  of  the  first  order.  Of  these 
twelve  equations,  six  represent  kinematic  equations  and  the  other  six 
are  differential  equations  of  solid  dynamics,  related  to  a  system  of 
coordinates  axes  rigidly  attached  to  the  vessel. 

Kinematic  Equations  of  Motion 

•  The  spatial  motion  of  an  ACV  as  a  free  body  can  be  broken  down  into 
two  simple  components:  translational--along  with  the  pole  (center  of 
gravity)  and  rotational--around  the  pole.  The  rotational  portion  of 
ACV  motion  is  completely  defined  if  Euler's  angles  <p,  if»  and  0  are  given 
(see  §21).  Therefore  the  equations 

■  <P  =  ? (Oi  ❖  ==  'V (0l  6  =  8(0 


are  equations  of  rotation.  From  these  are  found  the  vector  of  angular 
velocity,  equal  to  the  geometric  sum  of  three  components: 

•  •  \ 

’  -*  7* 

(B  =  (j>  -f"  -Jl  -J-  8.. 


Each  of  these  components  characterizes  the  rate  of  change  of  Euler's 
angle  and  is  directed  along  the  corresponding  axis  of  rotation.  The 
projections  of  the  angular  velocity  of  rotation  of  the  ACV  around  the 
center  of  gravity  onto  the  axes  are  of  the  form 

u>x  =  6  +  i  sin  •}■; 

<oy  =  4*  sin  0  -S  cos  •!>  cos  0; 

(359) 

i»j  =  iji  cos  0  —  i  cos  v  sin  0 

or,  solving  the  equations  in  terms  of  <p ,  ip  and  0, 

•  uucosO— u.sinO  . 

<?  =  — - r — ; 

cosy 

<ji  =  Wysin0  +  u^cosO;  (360) 

0  =  u)x—  tg  Ci  (wycos  O  —  «,sin  0). 
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Translational  motion  would  best  be  determined,  for  clarity,  with  the  aid- 

of  the  coordinates  of  the  center  of  gravity  (x  ,  y  ,  z  )/  called  the 

8  g  8 

principal  parameters  of  translational  motion,  although  this  complicates 
the  calculation  of  the  aerodynamic  forces.  Therefore,  translational 
motion  is  assigned  by  the  vector  of  velocity  of  the  center  of  gravity 
of  the  ACV,  approximated  relative  to  the  axes  Ox,  Oy,  Oz. 


The  parameters  V  =  V(t),  a  -  ci(t),  &  =  6(t)  (see  §21)  define  the 
translational  motion  of  the  ACV  and  are  auxiliary  parameters  of  trans¬ 
lational  motion. 

I 

;  Here  a  and  .6  are  the  angles  of  attack  and  drift,  examined  above. 


The  projections  of  the  vector  of  velocity  of  translational  motion 
of  the  center  of  gravity  of  the  ACV  onto  the  Ox,  Oy,  Oz  axes  are  of  the 
form 


Vx  =  V  cospcoso; 
'V^  =  —  VcosPsino; 
Vt  =  V  sin 


(361) 


However,  the  parameters  V,  a  and  g,  suitable  for  determination  of  the 
aerodynamic  forces  (for  instance,  in  a  wind  tunnel  or  tank)  give  no 
Representation  of  the  character  of  translational  motion.  Hence  it  is 
/necessary  to  relate  the  auxiliary  parameters  of  translational  motion  to 
/the  principal  parameters.  This  relation  is  found  on  the  basis  of  the 
I  equations  of  point  kinematics: 


f 

i 


*“dT 


Vr 


V 


=  V  y  ; 

dt  y* 


(362) 


where 
the  ACV; 


z 

g 


are  the  coordinates  of  the  center  of  gravity  of 


V  ,  V  ,  V  are  the  projections  of  the  vector  of  translational 

a  y  z 

g  g  g 

velocity  of  the  center  of  gravity  of  the  ACV  onto  fixed  axes. 

These  expressions  are  the  fundamental  equations  of  translational 
motion  of  ACV. 


From  expressions  (362)  we  obtain: 
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(363) 


t 


The  projections  o'f  the  vector  of  translational  velocity  of  the 
center  of  gravity  of  the  ACV  onto  fixed  axes  (V  ,  V  ,  V  )  are  found 

Xg  7g  Zg 

by  converting  the  projections  of  the  vector  of  translational  velocity 
of  the  center  of  gravity  to  rigidly  connected  axes  (V^,  V  ,  Vg)  using 

the  so-called  direction  cosines  [34]. 

Differential  Equations  of  Unsteady  Unperturbed  Hot  ion  of  ACV  in 
General  Form 

The  derivation  of  the  differential  equations  of  spatial  motion  of 
ACVs  in  the  system  of  coordinate  axes  Oxyz  is  generally  based  on  the 
laws  of  the  quantity  of  motion  and  moments  of  the  quantity  of  motion. 

We  know  from  hydrodynamics  that  motion  of  the  region  of  high  air  pressure, 
which  creates  a  depression  in  the  water  beneath  the  hull  of  the  ACV  (in 
the  hovering  mode,  equal  in  volume  to  the  volumetric  displacement  of 
water)  under  certain  conditions,  for  i. (stance,  during  travel  at  slow 
speeds,  is  practically  the  same  as  the  motion  of  a  solid  in  a  liquid. 
Therefore,  in  order  to  derive  the  differential  equations  of  motion  of 
ACV  in  the  most  general  form,  we  will  regard  it  as  a  body  moving  in  a 
fluid.  As  the  differential  equations  of  motion  in  a  fluid,  we  can  use 
the  respective  equations  for  a  solid  in  a  vacuum,  but  instead  of  kinetic 
energy  T..,  we  will  consider  the  summary  kinetic  energy  of  the  body--fluid 

system: 


where  T2  is  the  kinetic  energy  of  the  fluid. 


From  theoretical  mechanics  we  know  [30] ,  that  in  equations  of  motion 
of  a  solid  in  a  vacuum,  related  to  axes  connected  to  the  solid,  can  be 
written  in  the  following  vector  form: 


(364) 
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where  ^  is  the 

15  is  the 

^  is  the 

$  is  the 

^  is  the 
in  coordinates 

a)  is  the 


principal  vector  of  the  quantity  of  motion  .of  the  body; 

principal  moment  of  the  quantity  of  motion; 

principal  vector  of  external  forces; 

principal  moment  of  external  forces; 

vector  of  velocity  of  translational  motion  of  the  origin 
system  Oxyz,  connected  to  the  body;. 

vector  of  velocity  of  rotational  motion  of  coordinate 


system  Oxyz,  connected  to  the  body. 


Equations  (364),  in  projections  onto  the  axes  of  the  coordinate 
system  connected  to  the  body,  are  of  the  form 


dBx 


At 

AB_ 

.  At 

ABZ 


?+*A-»A~Y 

d(  \+'»xBv  —  '»yBz  =  Z' 

+ VA  -  V*By 

~f-'+  -  »XN,  +  VA  -  VA  =  M- 

+  wxNy— tnyNx  +  VxBy—  VvBx  =  Mz. . 


(365) 


The  projections- of  the  vectors  ^  and  N  onto  the  fixed  axes  are  expressed 
through  kinetic  energy  T£  of  the  body--ambient  medium  system  as  follows: 


B,= 


dTc 

dVi 


(366) 
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Considering  that  the  ACV  has  a  longitudinal  vertical  plane  of 
symmetry,  then  for  the  principal  axes  of  the  coordinate  system  connected 
to  the  ACV  and  having  its  origin  at  the  central  point,  the  kinetic  energy 
of  the  ACV  can  be  written  in  the  following  form: 

-  (w!  (Vx  +  v\  4*  V?)  +  +  j I/Vy  +  J »  (368) 

where  m-  is  the  mass  of  the  ACV; 

J  k  J  ,  J  are  the  principal  moments  of  inertia  of  the  ACV  mass,  taken 
x  y  z 

relative  to  the  axis  with  the  appropriate  subscript; 

is  the  centrifugal  moment  of  inertia  relative  to  the  Oz  axis. 

The  kinetic  energy  of  the  medium  can  consist  of  the  kinetic  energy 
of  the  air  and  the  kinetic  energy  of  the  water.  The  kinetic  energy  of 
air  is-  considered,  as  we  saw  in  the  preceding  sections,  in  the  right-hand 
side  of  the  equations  in  the  form  of  various  categories  of  forces  and 
moments  (Coriolis  forces  of  inertia,  forces  and  moments  of  reaction  of 
intake  air,  etc.)  and  the  kinetic  energy  of  water  in  this  case  is  determined 
by  the  following,  expression  [2] : 
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1 


•  Ai —  g  "f" AnVy  4*  ■{•  SAiaA^A  +  J.^4®*  -f- 

;*  .  +^+V/,+Va+Va+.  .  '■ 

.;  -."  +a»VA+-a*.V»  -i.  ' 


(365) 


where  A^  are  coefficients,  called  connected  masses.  They  characterize 

the  amount  of  motion  and  the  moment  of  the  amount  of  motion  of  the  fluid 
(water)  as  the  high  air  pressure  region  travels  in  it.  Coefficients 
*11’  *12*  ^22*  *33  ^ave  t*ie  dimension  of  mass,  A^,  ^26* -  *’35*  *34  t^e  * 
dimension  of  static  moment,  A^,  A^,.,  A^^,  A^  the'  mbment  of  inertia. 

If  now  we  take  partial  derivatives  T  in  accordance  with  expressions 
(368)  and  (369)  and  substitute  them  into  relations  .(367),  we  obtain: 


+  ®  y® A*  +  s  “  <0/y  (m  +  Na)  —  12  -  «$»  =  # 

:  — ^  (/«  +  ?•«  +  ^A,+  « A  (rn  +  >11)  + 

. '  +  <»,Vyy.l2  +  «Aa  -  ®A*  (m  +  Agj)  -  <4ht  -  V»A$  =y:- 

'■  ■'  4U. \m  +  >*)  +  AJt  +  +  Aii)  -b 

■  -  •  ,  • 

.+  “x^Aa  +  !'W'M — ®*A  (m  +  An)  —  myV ^ — w^Ae  =  Z;  ■ 


■  (/-  -(*  An)  ~f~ 
dt  '  *  ^  w  dt 


+  4*  wyK A*  —  <*Y°v  (A  4"  A«)  ~  (l)x0)x  (A«J  Ay)  4~ 

'  ”  *.  +  (A<?v“-l/a<',i) Ai  +  A®Al~  V>Ao  =f.Mx].  . 

•  (J,  +  >,.) + +^-^+ «,»,</, + 1^)  +  - 

4*  *vv  As  Ay)  4-  ®*^  Ai  —  ‘V’*  (A 4* a« j) — (f°*A — ^ v,)  x1# — 
—  V jVa  —  A®xA  —  A® A»  =  'My<  ' 

~jj~  (A  +  A)  +  Aw  f  ~^~>u  4*  ®x®y  (A  4-  Agj)  -f1 

+  wx(*«- Ay)  4-  -^Aj—a  (A  +  A)~®J  (A« — Ay) — 

—  <!>.” gAji  +  V,«l>Ax'  —  VyAjg  —  KjCOAs  =  Mt. 


(370) 


.  i 
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5  Equations  (359) ,( •  (362)  and  (370)  jointly  represent  i  system  of 
twelve  differential  equations  of  the  spatial  motion  of  the  ACV.  In 
this  system  there  are  twelve  unknowns:  1 

.  1  *i 


Vin  Yi>  “k.  ?,  *J»»  6,  xg,  h,  zv 


In  the  aerodynamics  of,  aircraft,  the  order  of  the  equation-  system 
that  describes  the  spatial  motion  of  an  aircraft  i$  usually  reduced  by 
discarding  equations  (362) .  These  equations  can  be  disregarded  in  aircraft 
aerodynamics  because!  coordinates' x  ,  y  ,  z  play  no  important  role  in 

I  &  8.  8 

the  analysis  of  aircraft  stability,  sirice  the  aerodynamic  forces  and 
moments  are  generally  independent  of  coordinates  x^  and  zg,  and  the 

effect  of  change  of  coordinate  y  on  the  aerodynamic  forces. and  moments 
*  •  8  - 

can  be  disregarded.  •  .  i 


In  analyzing  ACV,  however,  the  effect  of  change  of  the  coordinate 
y  on  the  aerodynamic  forces  and  moments  obviously  cannot  be  disregarded, 

8  i  | 

and  therefore  the  order  of  the. equation  system  can  be  reduced  only  by 
excluding  from  thfe  examination- the  first  and  third  equations  of  (362). 

■  <  ; 

Thus,  |in  analyzing  the  dynamics  of  ACV  we  arrive  at  a  system  of 

ten  differential  equations.  In  vieW  of  the  symmetry  of  ACV  with  respect 

to  xOy,  we  can  derive  from  thf  system  .of  equations  of  spatial  motion  a 

system  containing : only  those  terms  that  characterize  motion  in  plane 

of  symmetry  xOy,  and  which  does  not  contain  parameters  of  motion  in  the 

two  other' planes.  The  equations  of  motion  in  the* plane  of i symmetry  xOy, 

called  longitudinal  motion,  .'can  be  derived  from  system  (359),  (362)  and 

(370)  assuming  w  =  w  =V„-=0  =  O:  , 

,  x  y  ^  i 


dVr 

dt 


(m  +.-V + +  4r  **  -  ^  fe* + >•«) 


dt 


(m  +  X2a)  +  ).n  -  ~  h*  4-  »*VX  (nt  +  !,,)•+ 

“*  (J*  +  W  +  -~f-  L  +  +  V/oJ"  -- v’x1#  - 


dt 


“^Wm  =  Mt\ 
1  M- 

“a  =  — — ; 

s  dt  ’ 

M  -V 
'la  W 


(371) 
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The  kinematic  parameters  of  longitudinal  motion  are  uz,  V,  a,  <J» ,  h. 

ACV  motion  in  planes  xOz  and  yOz,  when  the  center  of  gravity  of 
the  ACV  remains  in  the  horizontal  plane,  is  called, lateral  motion. 


From  aircraft  aerodynamics  we  know  that  during  small  changes  in 
the  kinematic  parameters  of  lateral  motion  (wv,  u  ,  0,  0),  the  per¬ 


turbed  motion  of  the  aircraft  occurs  in  such  a  way  that  the  kinematic 
parameters  of  longitudinal  motion  are  not  altered.  Therefore  the 
lateral  motion  of  an  aircraft  can  be  examined  separately  from  longi¬ 
tudinal,  and  the  system  of  equations  of  spatial  motion  is  divided 
into  two  independent  systems. 


In  ACV  analysis,  such  division  is  less  justified,  since  the  per¬ 
turbation  of  lateral  parameters,  for  instance  the  angle  of  roll  e  leads 
to  a  change  in  certain  longitudinal  parameters,  such  as  hovering  altitude 
h. 


If  we  assume  that  a  change  in  the  parameters  of  lateral  motion 
causes  no  substantial  change  in  the  parameters  of  longitudinal  motion, 
then  we  may  derive  the  equations  of  lateral  motion  from  systems  (359), 
(362)  and  (370). 

The  differential  equations  of  lateral  motion  correspond  to  the 

conditions  V  =  const;  a  =  const;  ip  =  const;  w  =  0,  h  =  const  and  are 

z 

of  the  following  form: 


df  Vx-,  u)  +  ^  (*«  -  Jxy)  +  +  <*/,>,«  =  M-, 


dt  •  it 
■w/x(m  +  Xn)=.-Z; 

dV > 


^  (/, + >«)  +  (*«  i  -  - ' 


da 

■  -dt 

.  —  — IW»  =  Mu' 

dB  ,  dtp  ,  " 

"‘-TF+a-*"" * 


<ov—  -^-cos^cosO., 


(372) 
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For  farther  simplification  of  the  equation  system  we  turn  our 
attention  to  the  fact  that  with  an  increase  in  Froude’s  number  during 
travel  of  the  ACV,  the  water  depression,  moving  along  with  the  vessel, 
does  not  remain  constant,  but  is  deformed.  At  the  limit  for  Froude's 
numbers  of  about  2.5,  the  water  surface  beneath  the  high  pressure  region 
•during  travel  on  calm  water  cannot  be  deformed  and  the  water  depression 
is  not  formed.  In  this  case  (in  the  absence  of  pressure  oscillations 
in  the  air  cushion) ,  there  is  also  no  inertial  action  of  the  water  on 
the  traveling  ACV,  i.e.,  all  connected  masses  are  equal  to  zero. 

Therefore,  we  may  assume  in  the  first  approximation  that  all  co¬ 
efficients  of  connected  masses  are  equal  to  zero.  Moreover,  assuming 
that  the  coordinate  axes  coincide  with  the  principal  axes  of  inertia 

of  ACVs,  J  =  0. 
xy 


The  equation  system  (373)  is  inadequate  for  the  solution  of  many 
problems  of  lateral  ACV  motion  related  to  unsteady  translatory  motion. 

In  this  case  it  is  necessary  to  add  to  it  the  first  equation  of  system 
(370),  which  in  consideration  of  the  assumptions  made  acquires  the  form: 


Equations  (373)  and  (374)  represent  the  starting  equations  of 
unsteady,  unperturbed  ACV  motion  in  the  general  form. 


% 
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Equations  of  Perturbed  Motion  in  Expanded  Form 

Perturbed  motion  of  any  dynamic  system  is  motion  caused  by  pulses 
which  to  some  degree  disrupt  the  dynamic  equilibrium  of  the  system. 

In  order  to  derive  the  equations  of  perturbed  motion,  following  the 
method  of  small  perturbations,  we  will  represent  the  kinematic  character¬ 
istics  of  perturbed  motion  as  the  sum  'cf  values  of  these  characteristics 
in  the  basic  (unperturbed)  motion  and  of  perturbations,  for  example 

.vt=vX'+*vx-, 


In  accordance  with  the  method  of  small  perturbations,  assuming 
deviations  AVx,  AV^  to  be  small  and  disregarding  terms  of  a  higher  order 

of  smallness  (AV„a  V  ,etc.),  we  obtain  the  equations  [for  example  the 

^  y 

equation  (374)]  in  the  following  form: 


dV 


m 


X, 


d  LVx 


\  it 


dt 


+  m  [S  K  +  At0y)  +  Al>yJ  = 

—  x0  -f-  AX. 


(375) 


In  the  initial  unperturbed  motion,  indeed,  the  following  equation 
is  valid: 


dV 


m-r  +  «Vy.=^ 


dt 


m 


m 


diV, 


dt 

diV, 


+  //i[^A«y-{-Ayiu)yo]=AX; 


JT  “  m  fAV>y..  +  SSl  =  A  Z\ 


(376) 


(377) 


tl> 


IT  =  -  tg  %  [cos  0oAo,y  -  Sin  0oA0J  -  sec’V>y,  cos  6^; 


rfAy 


dt '  ~  S6-C  [C°S  VS  “  °%sfn  °0AO]  +  tg  %  sec  Vy.  COS  0oA]>. 
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Thus,  on  the  basis  of  the  method  of  small  perturbations,  we  have 
obtained  differential  equations  with  variable  coefficients  of  relative 
unknown  perturbations.  Following  the  example  of  [35],  we  assume  that 
the  duration  of  transition  processes  during  the  action  of  perturbations 
is  short,  so  that  during  the  time  of  a  transition  process  the  kinematic 
parameters  of  the  basic  (unperturbed)  motion  change  comparatively  little. 
Under  this  assumption,  during  analysis  of  perturbed  motion  we  may  dis¬ 
regard  change  in  the  kinematic  parameters  of  unperturbed  motion  compared 
to  the  change  of  the  kinematic  characteristics--perturbations  (method 
of  "frozen"  coefficients).  Here,  the  parameters  of  unperturbed  motion 
are  assumed  to  be  constant  and  equal  to  their  values  at  the  beginning 
of  perturbed  motion.  This  permits  us  in  the  first  a} proximation  to 
consider  system  (377)  a  system  of  differential  equations  with  constant 
coefficients.  If  we  assume  that  the  initial  mode  of  travel  is  straight 
line,  steady  state  motion  without  roll,  but  with  constant  drift,  then 

eo  =  <%=K  =  °.‘  <378) 

and  considering  the  smallness  of  angle  3  we  obtain  on  the  basis  of 
expressions  (371) 

V  =  V  B  •' 

*»  Ko"o> 

(379) 

— p0K0Ap. 


Substituting  expressions  (379)  into  equations  (377)  and  considering 
the  function  (378) ,  we  obtain 


|W 

L  * 

_JdA? 

\  dt 

-  A(o„j  80K0j  =  AX; 

mVoj 

'd&! 1 

Aw„J  =  A  Z\ 

Jx 

. 

__  dAu* 

ST 

■  =  AAf,; 

•'  Jy 

_  a'Acoy 
“  dt 

■  =  AAf^ 

d\Q 

dt 

=  Aio,- 

-tg^Awj,; 

—  sec  <|»0Auy  • 


(380) 
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The  increments  of  forces  and  moments  in  these  equations  depend, 
among  other  things,  on  change  in  'the  rate  of  travel  AV. 

Nonlinearity  cannot  be  avoided  in  these  equations  (in  the  given 
case  of  the  products  of  the  varifeblefs)..  Thus,  the  problems  related 
to  consideration  of  the  influence  of  change  of  rate  of  travel  on  the 
parameters  of  lateral  motion  must  be  solved  in  nonlinear  form. 

If  we  use  the  assumption  that  the  initial  mode  is  travel  without 
roll  and  drift,  then 


In  this  case 


Av,=v^pi-; 

=  A V.\ 


(381) 


and  the  second  term  in  the  left-hand  side  of  the  first  equation  of  (380) 
is  equal  to  zero.  In  this  case  the  perturbations  acting  on  the  longi¬ 
tudinal  plane  of  symmetry  of  the  ACV  cannot  be  reduced  to  the  appearance 
of  lateral  forces  and  moments,  and  therefore  the  increments  of  lateral 
forces  and  moments  are  practically  independent  of  perturbation  of  the 
kinematic  parameters  of  longitudinal  motion  (in  particular,  of  AV) . 

For  convenience  we  will  omit  the  symbol  A  (with  the  exception  of  AV) . 
Then,  considering  the  expression  m  =  u(V/L),  equation  system  (380)  can 
be  converted  to  the  following  form: 


dAV 

j.  ~  {hirW*  nulp  +  nXiAV  -f  n17S A; 

I  df 

1  M  —  n5ir  +  n3iwv  +  «339  +  nSi«)x  4-  /ijjSp;  . 

..  ,  .  '  ;  .  ■  •  (382) 

i“£-  =  nup  +  ti^y  +  n«80  +  «««,  +  /J44Sp; 

dt 

='nslp  +  nti»u  +  nHwx  +  WP  +.%3A'. 

dt  • 

-37  4*  fbi®/' 

at 


Here  the  first  digits  of  the  subscripts  of  the  coefficients  n 
correspond  to  the  ordinal  number  of  the  equation  in  the  equation  system 
of  spatial  motion  of  ACVs. 
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coefficients  have  the  following 


values : 


n 


>-§r(<5k+-<ji+0 

““  ”  T?  h + 4i  +  c,.  +  cIoi  — . 


<? 

1 

4 

‘^0  ]  t 

.pVSjg 

n„  =  . 

17  xt  m  *  ■ 


£§6ou 

'mV 
QSfox 
mV 


r.  o 


*-^(£+£+a)+S-*-iV 

£ll±4.) . 


mV 

*  .  * 

p  Q 

r  y». 

’  ml]  •• 

m 

L  L 

~J* 

n  _  QSfoK  J,  . 

"a - —ct ; 

mV  *p 


n 


l4l 


JXV  i  ■'k 


K'  +m?  +m? 

1  *a  -W  Jr 


+ 


Af*/ 


Af 


*r.  o  ‘ 


J*  '  •M'  '  ^l7 


x  _  ,  to..  .  .  a..  \  •  iOXr,: 

"« - n; - \mr  +  +  tn  U  —  — — & 

JxV  \  XK  *„  *oa/  Jx 

n«=2waZ~ , 


(383) 
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It  follows  from  the  expressions  (382)  and  (383)  that  the  left  and 
right-hand  sides  of  equations  (382)  are  linear  functions  of  perturbations; 
this  .means  that  functions  (382)  are  linear  differential  equations  of 
perturbed  motion  of  the  ACV  with  constant  coefficients. 

Equations  of  Perturbed  Motion  in  Consideration  of  Wind  Action 

Let  V  be  the  velocity  vector  of  motion  of  the  center  of  gravity  of 
the  ACV; 

Vg  is  the  wind  velocity  vector. 

The  relative  air  velocity  in  relation  to -the  ACV  (velocity  of  the 
incident  flow)  is  determined  by  vector  V^  (see  Figure  158).  We  will 

define  as  the  angle  between  vectors  V  and  V^;  y  is  the  heading  of 

the  wind,  measured,  for  instance,  by  a  compass;  is  the  compass  heading 

of  the  ACV;  Bg  is  the  angle  of  incidence  of  the  air  flow  (true  angle  of 

air  drift);  is  the  increment  of  the  air  drift  angle  due  to  wind;  8  is 

the  angle  of  drift  in  relation  to  the  water  surface. 
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Figure  158.  Summation  of  AC V  Speed  (V)  and 
Wind  Speed  Vg. 


Then,  on  the  basis  of  Figure  158,  we  obtain 


pt  =  arcsinf-^-sin  <?,J ; 
«.  =  ?  +  ?— 


%=V 

PT  =  arcsin 

/ 

M-  (-y-J— 2  Y"C0S<P*; 
V%s\nt,  '  I 

/. 

A 

*  /' 

r 

F,sln<p» 

(384) 


(385) 


By  substituting  angle  B  in  equations  (380)  by  its  value  in  expression 
(384) ,  we  obtain  for  the  equation  of  lateral  forces 


"=  A Z 
it  mV 


(386) 
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The  other  equations  in  this  case  retain  their  prior  form  [see  equations 
(380)]. 

Not  all  the  lateral  forces  and  moments  are  functions  of  air  drift. 

Thus,  the  hydrodynamic  forces  and  moments  depend  on  the  angle  of  drift 
relative  to  water  8. 

Recalling  this  circumstance-,  the  equations  of  motion  considering 
the  action  of  the  wind,  can  be  reduced  to  the  following  form: 


dV_ 

dt 


V.  +  «1S T,P  +  ni6^v  +  rtl73A  +  (*ll  .  +  «II  r.o)  P,*» 

—  n31%  +  n3iMj/  +  n33(l  +  n3lmx  +  «SS5P  + 

+  (H3I  is  +  ,l3l  r.  o)  PT»  ■ 


(387) 


Equation  system  (387)  is  a  system  of  differential  equations  of  the 
induced  perturbed  motion  of  ACV.  By  equating  6p,  6A  and  in  equations 

(387)  to  zero  we  place  the  ACV  in  conditions  under  which  no  external 
perturbations  act  upon  it  and  its  motion  is  free  perturbed  motion.  This 
occurs  when  pulse  forces  act  upon  the  vessel  in  steady  state  motion.  We 
will  assume  instantaneous  initial  perturbation  AB  in  terms  of  angle  of 
drift  and  instantaneous  initial  perturbation  A0q  in  terms  of  angle  of 

roll  to  be  the  source  of  free  perturbed  motion.  The  appearance  of  A0^ 

causes  angle  of  drift  Ag  =  tyA0«,  which  must  be  taken  into  account. 

°0  U 

These  initial  perturbations  can  be  regarded  as  the  result  of  pulse 
actions  at  the  initial  moment  of  time  t  =  0 


AfcW.  *?«.*(/); 


where  6 (t)  is  the  Dirac  pulse  function  [35]. 
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The  action  of  perturbations  in  nonlinear  plan  can  be  analyzed  by 
substituting  in  equations  (387)  the  coefficients  of  these  equations  by 
nonlinearities.  Analysis  of  the  coefficient  indicates  that  the  category 
of  forces  and  moments  such  as  those  that  occur  on  the  fan  air  intakes 
can  be  disregarded,  since  the  coefficients  n. .p  do  not  exceed  5%  of  the 


magnitude  of  the  summary  coefficients. 


n34R  ^  n54R* 


Coefficients  n_.  and  nr . 

34  54 


The  exceptions  are  the  coefficients 
are  themselves  small,  however. 


and  they  can  also  be  ignored.  We  may  also- ignore  the  coefficient  n^^  + 


+  n,_  in  the  coefficient  n,_. 
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In  the  category  of  hydrodynamic  forces  and  moments,  even  when  using 
an  imperfect  method  of  analysis,  yields  a  coefficient  that  should  not  be 
ignored . 

§25.  Dynamic  Stability  of  Lateral  Motion  of  ACV 

Transfer  Functions  of  ACVs  as  Controlled  Object  in  Lateral  Perturbed 
Motion 

We  will  examine  a  system  of  differential  equations  of  lateral  motion, 
discarding  the  first  equation  of  (387).  For  the  solution  of  these 
equations,  we  will  use  the  methods  of  operational  calculus.  Applying 
the  known  laws  of  transition  from  the  originals  to  the  transforms,  we 
write  these  equations  in  operator  form 


Pa  (P  fljl)  30  —  H}J 8p  s* 

—  Pt  (P,  4-  «8l  r)  +  APo‘. 

(p  ~  M  —  nn% — n4JWp  —  n430  —  ntiZp  •==  ntl  rpr; 
mu  (P  —  «ss)  —  «S1?B  —  —  nKop  —  A  =  n51  rpT; 

pO  —  n72wy —  n74wt  =  A0O'> 

pa  — =  — . -  '  -- 


where  p  is  a  parameter  of  the  Laplace  transform. 

The  unknowns  in  these  equations  are  the  following  transforms  of 
the  functions: 
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■  ©,(/>)  =  I  (A®^*)]; 
}'  <?(p)  =  £  [A?  (*)];. 

oA  (p)  =  A[A8A  (/)]; 

l0x(p)=L[£ox(f)]; 

l  '0  (p)  =  L[A6(/)I;  ' 

f  **v  v£,  ...  ,  V  J,  _* 


(389) 


where  L  [y(t)]  is  the  integral  Laplace  transform. 

Written  in  the  right-hand  side  of  equation  (388)  are  the  transforms 
of  perturbations,  their  derivatives  and  initial  perturbations  Ap^ 

=  A3q  +  AP0  and  A0q,  introduced  with  the  aid  of  the  Dirac  pulse  function 

6(t),  the  transform  of  which  [35] "is  L  [6 (t) ]  =  1. 

Therefore,  the  right-hand  sides  of  equations  (388)  can  also  be 
regarded  as  transforms.  From  these  equations  we  will  exclude  the  unknowns 

u  and  to  . 
x  -  y 

After  the  corresponding  transformations  (considering  expression 
P  =  Pg  -  PT)  we  obtain 


..  "  «  VP  +  PT  [n81  r  +  p]  _  AG  -g*-  -f  Afo  . 

,+  e[-n„— ^.p+ij  =  Sfinu  +  M<1r  + 

*  •  j 

*  ««SP  +  +  fan  r-A0o-2iL.  ■ 

"74 


(390) 
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Moreover,  we  will  introduce  the  definitions 


i 


nUnn  na 
Butyl  nu 


=  m&u 


_ tyt 

Butyl  «  nn 


tyj-'u 

tyttyl 


nlt 

Bn 


—  tty* 


Bn 

Bit 


—  tty  3. 


(391) 


Then  equation  system  (390)  becomes: 

?.  IP  —  tyll  +  P?  M  —  ?  l«33  +  m3SPl  =  Z(p); 

?» (—  ««]  +  P?  Jfl*4s  —  — -  pj  +  0  |  —  nt3—pmi3  +  ~|  =-Mx (p);  (392) 

P.  I—  +  P?  ['«sj  +  —J  -  0  [mMp]  =  Af„<p).  . 

The  right-hand  sides  of  equation  (392),  are  represented  as  the  sums 

Z(p)  =  Z0(p)  +  Z'(p)pi  "  .  (393) 

Mj(p)  =  Mu(p)  + M’x(p)p; 

My  (p)  =  Myt(p)  +  M’y{p)p, 

where  '  ,  • 

Z0  (p)  =  n3J3p.-}-  Pj/iai  r  —  AOfl/njj  -f-  A  Pol 

..  ■  ,  Z'(p)=>pT; - - 

(p)  =  n455p  +  ?Tn4I  r-AO^-f  (394) 

(P)  =  n555P  +  n575A  +  ?v»S!  r  ~  A0^53'*  , 

M'y(P)  =  0. 


In  terms  of  unknowns  8,  0  and  v»  these  equations  represent  a  system  of 
the  fourth  order. 
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! 


The  complete  solution  of  equation  system  (392)  appears  as  follows:. 

.  ;  i 


.  (395)  . 


V  :  '  t  *M  -* 

*  ;*r  ■  '--t* 

:  p?(pj=.^f-,  •  •  i 

'■•'I. 

where  A  is  the  determinant  of  system  (392)  and  Ag,  A9  and  Ap/>  are  the 
partial  determinants .  ■ 

I 

I  • 

The  determinant  of  system  (392)  is 

Ip — ««1 1»»«l  —  IP? »  +  ■; 

—  n<s— m*3p] 


A  = 


I — «5ll  +  m«PJ 


(39,6) 


By  expanding  the  determinant,  we  obtain  its  expanded  expression  in  the 
following  form:  • 


A  =  Ap *  +  Bp*  +  Cp*  +  Dp  +  £, 

■i 


(397) 


where 


B 


n-.inn  ’  . 

Rn ^ «  |  wtt 

nil  «»- 


••  I 


(398) 


/-« _ 'nann  —  nu  i  njjWjj  —  . 

0 - - - + - - - j 

D  =  -n3in<a~n-Mf,<1'  +  m5,  (mwrc31  —  n43)  —  mstfnann; 
E  =  nu  (/Jjifijj  j  —  +  nM  — r  n41m3  >). 


The  expressions  for  the  partial  determinants,  which  are  the 
numerators  of  transforms  8(p),  p/>  (p)  and  0(p)  [see  functions  (395)) 
are  obtained  on  the  basis  of  the  determinant  of  system  (396)  by  sub¬ 
stituting  the  corresponding  columns  with  the  right-hand  parts  pf  equations 
(392).  '  *  '  s 


'  I 
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i 


! 


r™  -  z'  {p\  n2 + AU  M  if + (p)  n3 + -£2- 

ri9  =  Zo  (P)  +  f  (P)  ns  +  iW.#  jp)  /ij  +  jW;  (p)  ng-f  Afy>(p)  n4; 

r09==2o(P)nS'f  ^ri(p)«6  +  ^ya(p)"n7.  ' 


In  these  expressions 


«2  =  — -  4.  n«  ; 

nu  tin  ~  n„  ’ 

.  n3  ~  Wlj2 - ;  ‘ 


Pi  . 

ns  =  ntimt%— mKna; 
nt  =  mS2nil--n3lmsii 

ft]  =  n^mti— mnntl. 


For  determinant  A  we  find 
P P 


APf  ~  r3pfP3  4  rLfP*  +  rip;P  +  ri 


where 


r3Pt  =  Z'  0?)  Pi.+  Mm  q2  +  Mu  (p)  -±- ; 
rlpt  =  2o  <P)  Pi  +  7-'  (P)  Pi  +  ^JP)  P2  +  K  (P)  P5  +  My,  (P)  P3 


.  -  Z0  0»)  Pi--2'  (p)  %%  +R.  (P)  PS  +  K  (p)  Ajj/Ij,  + 
r0fit  =  ~Z0  (P)  +  M,,  W)  «3S«6i  +  ^y.  (P).Pr  • 


In  these  expressions 


- n»  . 

n«  • 

Pa  —  P*s»’t 

*— “• &~W«; 

Pi  =  63^41  —  miSnbl> 

Pi  =  ^*33^41  — .P*JSrt31» 

Po  =  n3lmU  —  P«  —  m33nili 
Pj  —  ^31niS  —  Pas^ii- 


Thus,  the  transforms  of  the  desired  kinematic  parameters  of  lateral 
perturbed  motion  acquire  the  form  of  rational  expressions 

“*  '<5  =  rtpt  +  r,pt  +  r*pt  +  r'p  ± fe  '  ’  f/infti 

+  +  Dp  +  E'  '  J 

To  facilitate  the  transition  from  such  complex  transforms  to  the  originals 
we  will  expand  this  fraction  into  the  sum  of  two  simpler  transforms: 

<I>  =  ftp  i:  KiP  +  KiP*  ,  p0  p,p  . . 

p*  +  2AKp+u2  pi  +  iheP+^a '  (409) 

The  coefficients  2h^,  tuj^,  2h^  tu£  are  expressed  through  the  roots  of  the 
characteristic  equation  of  system  (392)  as  follows: 

2 hK  =  —  (pi  +  P*)» 

2/7,  =  —  (pa  +  p«);  : 

“%  =  PIP2; '  .  (41°) 


Coefficients  KQ,  Kj,  i^,  DQ,  D1  are  found  from  the  equation  system 

obtained  by  equating  (408)  and  (409).  If  we  write  the  conditions  of 
equality  of  the  coefficients  for  identical  powers  of  p  in  expressions 
(408)  and  (409),  this  system  will  acquire  the  form 

K.+D,--a— - 5-2%;  ■ 

A  A 

+  ^  +  +  =  (411) 

2*A  +  »^,  +  2V.  +  <D,“-^:  . 


Above,  we  derived  the  transforms  of  the  desired  kinematic  parameters 
of  motion  (output  values)  in  the  general  case  when  perturbations  Sp  and 
ftp  occurred  simultaneously  and  when  initial  perturbations  A0^  and  A0Q 

differed  from  zero.  Perturbed  motion  that  occurs  as  a  result  of  any  one 
perturbation  is  an  important  special  case. in  practice.  To  each  form  of 
■perturbation  (input  value)  and  each  output  value  correspond  certain 
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expressions  of  the  transfer  function.  The  ratio  of  the  transform  of 
the  output  value  to  the  trails  form  of  the  input  value  at  zero  initial 
conditions  is  defined  as  the  transfer  function  and  it  is  denoted  through 
W(p). 

The  expressions  of  the  transfer  functions  can  be  found  if  we 
retain  any  one  perturbation  in  the  general  expressions  of  the  transforms 
(399),  (402)  and  (405),  and  then  separate  the  expression  obtained  into 
the  transform  of  this  perturbation. 


The  transfer  functions  are  of  the  following  general  form: 


(412) 


where 


l  —  P.  G.  P?» 

Specific  values  of  the  coefficients  of  the  polynomials  in  the 
numerator  of  (412)  are  listed  in  Tables  14-16  for  various  perturbations. 

The  coefficients  of  the  denominator  in  function  (412)  are  determined 
through  equations  (398).  The  transforms  of  the  kinematic  values  expres¬ 
sed  through  the  transfer  functions  are  found  using  the  equation 

y(p)-W(p)x(p)’ 

where  x(p)  symbolizes  the  perturbation  transform  in  general  form. 

The  presence  of  the  expressions  for  the  transfer  functions  makes 
it  possible  to  solve  a  broad  class  of  problems  of  ACV  dynamics.  In 
order,  however,  to  use  the  transfer  functions  it  is  essential  to  find 
the  roots  of  the  characteristic  equation  of  system  (392) .  An  example 
of  the  use  of  the  transfer  functions  will  be  illustrated  below. 

Analysis  of  Dynamic  Stability  and  Character  of  Natural  Lateral  Perturbed 
Motion  of  ACV 

A.  M.  Lyapunov  demonstrated  [33],  [55],  that  analysis  of  the  problem 
of  stability  of  motion  in  the  first  approximation,  i.e.,  on  the  basis 
of  the  solution  of  a  linearized  differential  equation  system  relative 
to  variations,  is  permissible  only  under  the  condition  that  not  one  of 
the  roots  of  the  characteristic  equation  of  the  system  be  equal  to  zero 
or,  if  the  roots  are  complex,  not  one  of  the  roots  have  a  real  part 
equal  to  zero.  Otherwise,  in  order  to  judge  the  stability  of  motion 
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it  is  essential  to  analyze  a  system  of  differential  equations  with  higher 
powers  of  variations. 

In  solving  the  problem  of  stability  'of  perturbed  motion,  and  also 
of  the  suitability  of  a  Jinearized  system  of  differential  equations  for 
this  purpose,  it  is  possible  also  not  to  determine  the  roots  of  the 
characteristic  equation,  but  to  use  the  Raus- Gurvits  criteria.  In  order 
that  motion  be  dynamically  stable  it  is  essential  and  sufficient  to 
have  negative  real  parts  in  all  roots  of  the  characteristic  equation. 

The  characteristic  equation  of  lateral  perturbed  motion  of  ACV 
h  =  0  is  an  equation  of  the  fourth  power  of  the  form 

. . /?4  +  ajps + .“sP4  +  aiP  +  ao  =  q, 


where  *.  ,  B  .  ,  ■  .  . 

I — ■  n1im43  —  "b  ^8Jm52  ^Sllt 

*  c  '*  * 

flj  —  —  [fyi  (  ft 81mS3  ~  *b  P-li  (m  43^31  —  ^43  ~ —  ^83^4l)  “1* 

.  *b  ‘hi  (^51^32  —  "b 

fli  =  —  =  [«ji  (n3ini3  ^33^41)  "b  (ml3n31  —  nt3  —  tn^n^  -b 

,  *b  (nsi^33  —  ms3n3i)  *b  fflS2nT4n8j  {tn33ntl  —  tfhstyi)]; 

«0  —  [^7*^82^48  - rtsi/Hjj)  +  ^:4^Bin33  (ni\mU  —  n41/fI6i)]> 

In  the  case  of  free  perturbed  motion 

=  ip  =  8A  =  0; 

•  ■  •, ; 


(413) 


(414) 


(415) 


In  addition  the  coefficients  are 


nS|  —  Ha  t0. 


Under  these  conditions,  coefficients  (391)  acquire  the  following 
values: 


m. 


ttn 


m4a= 


3,“  nn  ’  ■ 

:=>  0; 

n»n«  ( 

nnn-,4  >tn  * 


(416) 
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and  coefficients  .(414)  of  characteristic  equation  (413)  will  have  the 
following  form  [in  consideration  of  the  values  of  (416)): 

a*~  nst — nu — 

.  to  =  nunal—n;ji7l~-nslnsa+nnnst  +  nitfiit'  '  (4 

°l  =  nnnnntx — nun^rtu — n6intlnu  +  n1tflapii  +  0^1^ 

do  =  —  rt74««nMnj,  +  /i;«rt<3nslrtai  + 

nnna3^iiftu  -f  «74njsJJ4inj|.  ■. 


The  approximate  values  of  the  coefficients  of  the  characteristic 
equation  are  written  as  follows: 


03  =  —  rtM— —  n3l  (in  prior  form); 

.a3~~W  .  '  . 

a,  =  ^ft3ln43— ttj^n^  -{- 


(418). 


In  order  that  all  roots  of  the  characteristic  equation  have  negative 
real  parts  it  is  necessary  and  sufficient  to  satisfy  the  following  con¬ 
ditions  [38],  [55]: 


flo>0;  aa > 0;  aj>0;  o»>0; 

*  =  Ws  “  a&-  flj  >  0;  ■  (419) 

ao  —  —  nun43nnnn  ~h  n7innni,i^st-  ; 


Failure  to  satisfy  the  first  conditions  means  aperiodic  instability 
of  the  system,  and  failure  to  satisfy  the  last  condition  (plus  sign  of 
discriminate  R)  means  oscillating  instability  of  the  system;  furthermore, 
failure  to  satisfy  any  of  the  conditions  may  mean  that  one  .(or  more)  of 
the  roots  is  equal  to  zero  and  has  a  real  part  equal  to  zero,  and  in  this 
case"  it  is  essential  to  determine  the  roots  of  the  characteristic  equation. 

Characteristic  equation  (413)  for  the  AC V  SKMR-1,  for  instance,  has 
the  •*  ’62] 

P*  +  0,0505p»  +  2,857p*  +  0;il75p  +  0,0897  =  0. 


(420)  . 


TABLE  JJ*.  TRANSFER  FUNCTION  FOR  ANGLE  3 


As  seen  from  expression  (420)  all  coefficients  of  the  characteristic 
equation  are  positive.  Furthermore,  the  Raus-discriminant 


ai02a3r  ^ 


is  also  positive.  This  means  that  free  perturbed  motion  of  the  ACV 
SKMR-1  is  dynamically  stable  in  relation  to  perturbations  of  the  parameters 
B,  0  and  p p. 


To  find  the  roots  of  the  characteristic  equation  (413)  we  may  use 
the  method  that  is  suitable  in  those  cases  when  the  roots  of  equation 
(413)  are  separated  into  two  groups  which  differ  substantially  in  terms 
of  absolute  value. [35],  as  is  the  case  during  lateral  perturbed  motion 
of  ACV. 


The  solution  of  equation  (420)  gives  the  following  values  of  the 
roots : 


Pi  =  V  0.0208  +  0,1772/;p,  =  —0,0208  —  0,1772/; 
P*  -  Y  °’0045  +  W*?  P*  =  —  0.0045  — 1,681/. 


The  roots  of  the  characteristic  equation  are  complex,  and  each  pair 
is  mutually  conjugate.  This  means  the  following  character  of  free 
perturbed  motion:.. two  attenuating  oscillatory  processes.  Each  pair  of 
roots  characterizes  a  certain  oscillatory  process,  a  certain  form  of 
motion,  with  its  own  frequency  and  degree  of  attenuation  of  oscillations. 

If  we  denote  a  complex  pair  of  roots  as  follows: 

p~ — h±  /“*,  (421) 


then  period  T  of  oscillations  is  determined  by  the  expression 

T  =  ~'i*  (*ec),'- 


where 


-344- 


The  time  during  .which  the  perturbation  is  cut  in  half  is  given  by 
the  expression 


y* ' 


I*?!  -  *  * 


The  cycle  of  oscillations  during  which  the  perturbed  value  is  cut  in 
half  is  given  by  the  equation 


■N. 


yu 


=  -toL.  =  0,110 

t*T 


For  an  approximate  evaluation  of  the  influence  of  dynamic  coef¬ 
ficients  on  the  roots  of  the  characteristic  equation  we  will  simplify 
equation  (413),  omitting  the  first  two  terms.  We  will  also  use  the  , 
aporoximate  values  of  the  coefficients  according  to  the  expressions 
(418) . 

Then  one  pair  of  roots  will  be  determined  by  the  equation 

P*+-r-p-f  -i  =  0. 


Hence 


; _ _  _  (422) 

_ lixi a'o 

but 

Therefore  the  first  term  of  the  radicand  in  equation  (422)  can  be  dis¬ 
carded.  On  the  other  hand,  the  value  aj/a^  =  -n^  +  n^/n^  (n^  -  n57) , 

the  product  of  coefficients  n^/n^  n^  is  comparatively  small  so  that 
it  can  also  be  discarded.  Then 


* 

_<h 

°a 


flji —  2, 
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and  the  first  pair  of  roots  will  be  given  as  follows: 


Pia~  2  —  *  V nsinst — ^nna  • 


(423) 


The  equation  for  the  approximate  determination  of  roots  p^  2  gives 

an  average  of  about  7%  error,  although  it  gives  a  graphic  representation 
of  the  character  of  the  oscillatory  process  it  reflects.  As  shown  by 
the  set  of  dynamic  coefficients  in  expression  (423),  roots  p.^  2  reflect 

oscillations  that  depend  on  the  dynamic  coefficients  characterizing  yaw 
and  drift,  not  related  to  oscillations  in  terms  of  roll.  These  oscil¬ 
lations  are  analogous  to  longitudinal  short -period  oscillations  on 
aircraft,  with  the  difference,  however,  that  both  the  frequency  of  the 
oscillations  and  the  degree  of  their  attenuation  are  considerably 
smaller  than  for  an  aircraft. 

Thus  the  values  that  typify  the  longitudinal  short-period  oscil¬ 
lations  of  an  aircraft  [59]  are 


'  T  =  4,37  sec;  tyu  =  0,624.  sec-, 
A/Xj  =  0,143  2./ sec;  '  . 

A=Wl,l'H—  2,2; 

5*  W,5  ^4,5)/. 


The  second  pair  of  roots  is  found  by  expanding  the  characteristic 
polynomial  for  equation  (413)  into  two  quadratic  expressions 


P{  +  +  O2P2  +a;P  +  °o  =  + 11;)  (P2  +  \P  +  1*2)  •  (424) 


By  equating  the  coefficients  for  p  we  obtain 


.  •  =  + 

+  .  (425) 

ai=ty>iVi; 

’  a0  =  '(**• 
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are  from  equations  (425).  We  obtain  from 


Here  ^ 
expressions 


(418)  and  (425) 


h  =  =  o’»ixI  +  X1X2..‘ 


Therefore  we  may  assume  [see  function  (425)] 


We  now  write 

Pa  +  hip  +  H  =  0, 


(426) 


Hence 

/ 


( ’77) 


Since 


we  obtain 


P»=’-f±‘V' 


-n-,c 


■ 


(428) 


The  set  of  dynamic  coefficients  in  function  (428)  shows  that  this 
pair  of  roots  characterizes  its  oscillations  that  depend' on  dynamic 
coefficients  which  determine  roll  and  are  not  related  to  yaw.  In  lateral 
motion  of  an  aircraft  the  combined  pair  of  roots  characterizes  lateral 
oscillations  or  the  "Dutch  step,"  which  does  not  occur  in  ACV  motion. 

The  analogous  result  was  obtained  in  [62]  from  analysis  of  the 
lateral  motion  of  ACVs  without  flexible  skirts  over  a  solid  screen. 

For  a  more  detailed  analysis  of  natural  perturbed  motion  we  wili 
'determine  what  effect  pulse  perturbation  of  drift  angle  ABq  has  on  the 

kinematic  parameters  of  lateral  motion. 

The  sequence  of  calculations  is  shown  for  the  example  of  the  cal¬ 
culation  of  the  transition  process  with  respect  to  angle  of  drift  8: 
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1.  Using  Tables  14-16,  we  find  the  values  of  the  coefficients 
of  the  transfer  function  W^  during  perturbation  ABq,’  which  with  -consider¬ 
ation  of  functions  (391)  and  (416)  take  on  the  following  values:  : 


r33  nunn-‘'' . 

_  . 

2?  '  ’ 


_  _  {!«  .  _ Is.  - 

■?  %  n* i  tin  ’ 


ro?  =  n«HT* 


(429) 


2.  Further,  we  determine  the  roots  of  the  characteristic  equation 

(413)  or,  for  example,  their  approximate  values  according  to  expressions 
(423)  and  (428).  _  " 

3.  Then  by  using  equations  (410)  we  determine  the  values  of  2h^, 

2V  “a- 

4.  From  equations  (411)  we  determine  the  coefficients  D^,  D^,  KQ, 

Kr  K2.  *  ‘ 

5.  Using  expression  (409)  we  determine  the  transfer  function  of 
the  drift  angle  during  perturbation  ABq 


-  w. . 
? ' 


6.  Using  a  glossary  of  transforms,  we  convert  from  the  transforms 
to  the  originals : 


The  results  of  typical  calculation  of  the .natural  perturbed  motion 
of  ACVs  with  respect  to  drift  angle  B  during  pul  1  perturbation  of  drift 
angle  ABq  with  consideration  of  the  exact  and  app  ximate  roots  of  the  . 

characteristic  equation  are  presented  in  Figure  159.  We  see  from  this 
figure  that  in  examining  the  period  of  time  sufficient  for  the  completion 
of  the  transition  processes  the  approximate  equations  yield  comparatively 
small  errors. 
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Figure  161-  Natural  Perturbed  Motion  of  AC7  with 
Respect  to  Angular  Velocity  of  Yaw  During  Pulsed 
Perturbation  of  Drift  Angle  ARq.  -0-t,  Short-period 

•  motion;  - ,  Long-period  motion. 


As  follows  from  examination  of  Figures  159  through  161,  natural 
perturbed  motion  with  respect  to  each  of  the  parameters  of  lateral 
motion  during  perturbation  of  angle  of  drift  ARq  represents  a  combina¬ 
tion  of  two  oscillatory  processes  that  differ  substantially  from  each 
other  with  respect  to  period  and  time  of  attenuation  of  the  oscillations. 

By  analogy  with  the  terms  used  in  aircraft  dynamics  these  processes 
can  be  called  long-period  and  short-period  processes.  •  Thus,  the  first 
term  in  equation  (409)  and  in  the  equations  derived  from  it  expresses  the 
short-period  motion  and  the  second  term,; the  long-period  motion. 

The  denominators  of  the  first  and  second  terms  in  equation  (409) 
are  the  characteristic  polynomials  of  short-period  and  long-period  ‘ 
motion,  respectively.  Equating  it  to  zero  and  comparing  with  data  in 
Table  17  and  equations  (423)  and  (428) ,  we  obtain  the  nots  in  the 
following  form: 


=  C431) 

•  Pm  =  -Hk  ±  l  (432) 
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TABLE  17.  VALUES  CHARACTERIZING  SHORT-PERIOD  AND  LONG-PERIOD 
FORMS' OF  MOTION  OF  SKMR-1. 


Forms  of 
mot  1’  on 


\h\ 


2r. 

T  =  —  /esec 


/  ~°*69/o 

*y u  —  —7  *  sec 

ui 


Ny„=0,110  — 

|ft| 


Fi  rst 
(put) 

0,0208 

0,093 

35,4' 

Second 

0,0045 

0,882 

3,7 

:  M  ' 

. 

_ of  osci  1 1  at i c  -is 

17.4  .  0,49 

80.5  21,6 


Note:  Commas  indicate  decimal  points. 


In  equation  (431)  the  value 


(433) 


is  natural  (dimensionless)  frequency  of  long-periodic  motion  (in  the 
absence  of  damping);  it  is  expressed  through  the  dynamic  coefficients 
as  follows: 


j/"  ~  (n3i  +  +  (n3ini2. —  n51naa) . 


The  value  of  equation 


2  hd  =  2 hd 


(434) 


(435) 


is  the  coefficient  of  damping  of  long-period  motion,  and  it  can  be  expressed 
through  the  dynamic  coefficients  as  follows: 


h^~T\nn  . 


(436) 


for  short-periodic  oscillations  we  obtain 


(437) 
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(438) 


Comparing  expressions  (421).,  (431)  and  (432),  we  see  that 


— •  -|  f — o  7~2 

®k  —  V  ?K  —  hK 

=  Y  “I  —  , 


(439) 

(440) 


where  to*,  to*  are  the  frequencies  of  oscillations  in  the  transition 

process.  They  are  lower  than  the  frequencies  of  natural  oscillations  in 
the  absence  of  damping. 

With  consideration  of  functions  (439)  and  (440),  the  approximate 
expressions  for  the  roots  can  be  written  as  follows: 


Pxa  =  -hd±(^\ 

Pz.i  =  ~K±K. 


(441) 

(442) 


The  expressions  for  the  roots  in  this  form  were  used  in  [62]  for 
approximate  analysis  of  the  effect  of  the  size  and  location  of  the  tail 
assembly  and  nozzle  width  on  the  character  of  natural  perturbed  motion 
of  ACV. 

Figures  162  and  163  show,  on  the  basis  of  calculations,  how  the 
elongation  of  the  tail  unit  and  location  of  the  tail  unit  w:  v'.\  respect  to 
length,  depending  on  the  relative  tail  area,  affect  frequency  ai*  and 

v 

damping  coefficient  h^  of  long-periodic  oscillations  of  ACV  SKMR-1. 

These  figures  show  that  the  change  in  the  examined  parameters  has 
an  effect  on  roots  p^  ^ ,  although  this  effect  is  slight,  since  these 

parameters  cannot  change  in  broad  limits. 
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Figure  162.  Effect  of  Relative  Chord  of  Tail  Group  bQn/L  and 
Position  of  Tail  Group  with  Respect  to  Length  *or/L  as 
Function  of  Change  of  Relative  ARea  of  Tail  Group  ^on/Sg0K 
on  Frequency  oj*  of  Long-Periodic  Oscillations  of  ACV  SKMR-1. 

O 

•  V-7Di  0,45;  if  -  *on lL  -  °.»fc  3  -  *on/L  -  0.25. 

"  |  - - = - 6on/t  -  0.0328; 

'  : - b6nlL<m3, 0646;' 

- i  /L -.0.0968. 


Figure  1 63 -  Effect  of  Relative 

Chord  of  Tail  Group  b  /L  and 

on 

Fositlon  of  Tail  Group  in  Terms 

of  Length  x  /L  as  Function  of 
on 

Change  of  Relative  Area  of  Tail 
Group  Son/SgQK  on  Damping  Coef¬ 
ficient  hg  of  Long-Periodic 
Oscillations  of  ACV  SKMR-1. 

>  ~  *onlL  “  °-45:  3  ~  *onlL  "  °-38:  3  — 

xon/L  -  0.25. 

- bonjL  -  0.0323: 

- 60„/f=  0,0646; 

- (,orjL  -  0,0966 

Figure  164  shows  the  effect  of  relative  nozzle  width  as  a  function 
of  relative  hovering  altitude  of  ACV  SKMR-1  over  solid  screen  on 
frequency  of  short-periodic  oscillations.  It  is  clear  from  Figure  164 

that  the  frequency  of  oscillations  changes  as  a  function  of  h  and 

width  b  of  nozzle,  and  here  the  change  in  the  width  of  the  vessel  has 
negligible  influence.  When  h  and  b  decrease  the  frequency  of  oscillation 

II),*  increases. 


Figure  16*».  Effect  of  Relative  Nozzle 
Width  on  Frequency  to*  of  Short-Periodic 

Oscillations  as  a  Function  of  Relative 
Hovering  Altitude  h/b  of  ACV  SKMR-1 
Over  a  Sol  id  Screen. 


Figure  165  shows  the  effect  of  elongation  of  the  tail  group  and 
width  of  nozzle  as  a_function  of  relative  tail  group  area  on  the 
damping  coefficient  h^  of  short-periodic  oscillations.  It  follows  from 

the  figure  that  the  oscillations  attenuate  to  a  considerable  extent  when 
the  area  of  the  tail  group  is  increased,  and  also  when  nozzle  width  and 
the  chord  of  the  tail  group  are  reduced.  It  can  be  said,  however,  that 
the  effect  of  the  stated  parameters  on  the  character  of  motion  both  of 
short-periodic  and  long-periodic  form,  is  small:  very  large  changes  in 
the  .geometrical  parameters  of  the  nozzle  and  tail  group  of  the  vessel 
are  required  in  order  to  alter  substantially  the  values  of  the  roots1. 

We  will  see  what  conditions  should  be  satisfied  in  order  that  both 
forms  of  motion  be  dynamically  stable.  For  this  purpose  it  is  essential, 
as  was  stated  earlier,  that  the  roots  of  the  characteristic  equations 
(431),  (432)  be  negative  or  have  a  negative  real  part. 

Actually,  the  general  solution  of  system  (392)  for  four  roots  can 
be  written  in  the  following  form: 


.  ■ .  ?  =  ?/■'+  W*+  tep*'  +  fW’*'  - 

b  =  -J-  Ojep‘f  -f-  Ojc”*f  4-  c./-' ;  C443) 

?  =  +  <faeP'.'  +  ?a«P‘<  -r  ?iePl< . 


^he  calculation  does  not  take  into  account  the  coefficient  of  the  damping 

moment  of  roll  from  the  air  cushion  mWx,  but  does  consider  the  coefficient 

X 

of  damping  moment  of  roll  from  the  tail  group  m  . 

xon 
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Figure  165-  Effect  of  Elongation  of  Tail  Group  and  Width  of 
ACV  SKMR-1  as  Function  of  Relative  Tail  Group  Area  on 
Coefficient  of  Damping  of  Short-Periodic  Oscillations. 


1  -  X.JL  =  0.45;  3  -  xa„lL  =  0,35:  3  -  xonjL  »  0.25 
0  - —  6  /t  ~  0.0323; 

_ ' - i'l  -  0.0546; 

on/  ,  ' 


bonlL  “  °-0S6S- 


Pit 

If  the  roots  are  negative,  all  pa^ial  solutions  contain  factor  e 
that  diminishes  with  time  and  for  t  -*■  will  diminish  without  bounds. 

For  four  combined  paired  conj'  roots  the  general  solution  of 
system  (392)  can  be  written  in  the  following  form: 

•?  =  ^rVsin  + 

+  V”Vsin  [V»\-h\t  +  x2j ; 

0  =  B,e" V  sin  []/w>  — h\t  +  tJ  +  (444) 

+  Bf V  sin  [Y»\-h\t  + tJ ; 

<?  -  vsln []/«*- h\t  +  xj+ 

;  +  sin  [  +  tJ  . 
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The  sinusoidal  values  in  expressions  (444)  are  harmonic  functions 
of  time  t,  so  that  the  motion  described  by  two  pairs  of  complex  roots 
will  be  attenuating  or  intensifying  as  a  function  of  whether  they  are 

negative  or  positive  values  -hj_  and  -h^ ,  representing  the  real  parts 

of  the  combined  roots. 


Thus, 


—  <  0;  —hd  <  0 


(445) 


or  considering  functions  (423),  (428),  (431),  (432) 

/  "n  0;  /ia  nlt  <  o  \ 

i  .•  * 


(446) 


can  be  called  the  conditions  of  oscillatory  dynamic  stability. 

The  coefficient  n^  is  independent  of  hydrodynamic  forces.  Hence 

we  conclude  that  the  hydrodynamic  forces  have  no  effect  on  the  coefficient 
of  damping  of  short-periodic ■ form  of  motion.  The  damping  moment  of  roll 
created  by  the  air  cushion,  plays  the  decisive  role  in  this  case.  As 
regards  coefficient  of  damping  of  long-periodic  form  of  motion,  the 
inequality 


can  be  satisfied  only  under  certain  conditions. 

The  coefficient  n52  is  not  a  function  of  the  forces  of  hydrodynamic 

origin.  It  is  determined  basically  by  the  forces  of  external,  and  even 
internal  aerodynamics,  and  its  sign  cannot  change  for  ACV.  The  coef¬ 
ficient  n^j  is  a  function  of  the  forces  of  hydrodynamic  origin.  In 

connection  with  the  fact  that  both  aerodynamic  n71  and  hydrodynamic 
n31h  ?omPonents  °f  the  coefficient  n^  have  the  same  sign  and  are  de¬ 
termining  with  respect  to  magnitude,  the  sign  of  the  coefficient  n^ 

cannot  he  changed  for  ACV.  This  means  that  alteration  of  the  magnitude 
(and  also  point  of  application)  of  hydrodynamic  forces  cannot  lead  to 
oscillatory  dynamic  instability  of  long-periodic  form  of  motion.  It 
may  be  said,  by  and  large,  .that  the  forces  of  hydrodynamic  origin  have  a 
favorable  effect  on  the  oscillatory  dynamic  stability  of  lateral  motion, 
since  they  increase  the  coefficient  of  damping  of  the  long-periodic  form 
of  motion. 
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Conditions  (446)  are  essential,  but  not  sufficient  for  ensuring 
oscillatory  dynamic  stability.  It  is  also  necessary  that  roots  (431) 
and  (432)  be  combined  conjugate.  In  order  that  roots  (431)  and  (432) 
be  combined  conjugate  with  a  negative  real  part,  the  following  inequali¬ 
ties  must  be  satisfied: 


6?k  —  h\  >  0;  u>| — hi  >  0- , 

i 


(447) 


or  in  consideration  of  expressions  (434) ,  (436) ,  (437)  and  (438) 


nu  <  0; 

n3ini2 — nsln3}  >  0.  ■ 


(448) 

(449) 


The  coefficient  n^  is  the  coefficient  of  transverse  static  stability. 

Thus,  in  order  that  the  short-periodic  form  of  motion  be  dynamically 
stable  the  ACV  must  have  transverse  static  stability*  m®  <  0. 

Inequality  (449)  has  a  positive  term  anci  moreover  coefficient 

n32  is  also  positive.  Thus,  if  the  ACV  is  statically  stable  on  course 

(coefficient  of  static  stability  on  course  n51  <  0),  then  inequality 

(449)  is  automatically  satisfied,  i.e.,  an  ACV  that  is  statically  stable 
on  course  has  a  dynamically  stable  long-periodic  form  of  motion.  A  slight 
degree  of  static  instability  on  course  does  not  necessarily  mean  that 
this  form  of  motion  is  dynamically  unstable. 

The  physical  essence  of  condition  (449)  becomes  clear  if  we  write 
this  inequality  in  the  following  form: 


"it  ^ 


(450) 


or,  considering  the  expanded  values  of  the  coefficients  (see  §22  and  24) , 


(451) 
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The  value- "j- =  fseumSi  is  a  dimensionless  arm  of ‘'action  of  reduced 
forces  of  damping.  The  value  =  li6cct\  is  the  dimensionless  arm  of 

'4  ■ 

action  of  the  transverse  force.  Hence  the  physical  sense  of  condition 
(449)  amounts  to  the  requirement  that  the  arm  of  action  of  the  transverse 
force  be  longer  than  the  arm  of  action  of  reduced  damping  forces. 

We  will  also  consider  under  what  conditions  the  ACV  will  have 
aperiodic  dynamic  stability.  In  this  case  alljroots  should  be  real 
and  negative.  With  positive  values  of  h^  and  hg  this  can  occur  only 

if  the  following  inequalities  are  satisfied: 

•  ^  < 0;  «aT-/§'<0;  .  (452) 


for 


>  0;  0 


(453) 


or,  considering  the  preceding  expressions. 


jr  f°r  («3i  +  «6j)s  >  4  (nsln33  -  n3lnlt); 

V  *  '  -  '  . 

<n>°  forn«>4'W'/ 


(454) 


Finally,  we  will  examine  under  what  conditions  there  will  be  no 
dynamic  stability  of  lateral  motion.  This  will  occur,  obviously,  even 
in  the  case  when  only  one  of  roots  (431)_,  (432)  is  positive.  As  we 
established  earlier,  the  values  h.  and  h  are  always  positive  for  ACV. 

This  means  that  ACV  cannot  have  oscillatory  dynamic  instability. 
Dynamic  instability  of  ACV  may  be  only  of  an  aperiodic  character. 

The  conditions  of  dynamic  instability  are  the  inequalities 


< 0;  4<0  • 

or,  considering  the  expanded  values, 

<  4  W- 

(«31  +  rts»)*  <  4  (/Jjirtjj  —  «3iRm)> 


(455) 


(456) 
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§26.  Static  Stability  on  Course 

The  equations  of  straight-line  steady  state  lateral  motion,  in 
which  the  forces  acting,  on  the  ACV  are  in  equilibrium,  and  the  kinematic 
parameters  of  motion  are  constant,  will  be  of  the  following  form: 

n'i$ ’-f  +  ruj>p  0; 

•  .JJuR+.rtu0  +  ««SP  =  0; .. 

Wji?  +  n4S  op  BjjM.  ==  0.  (^^7) 

We  wxll  determine  the  location  of  the  point  of  application  of  the 
resultant  of  aerodynamic  forces  acting  on  the  ACV  in  straight-line 
steady  state  motion. 

The  moment  of  the  resultant  relative  to  the  vertical  axis  passing 
through  the  center  of  gravity  of  the  vessel  (moment  of  yaw)  is 


^  Mu  —  Za, 


(458) 


where  a  is  the  distance  between  the  center  of  application  of  the  resultant 
of  aerodynamic’  forces  through  the  length  of  the  vessel  and  the  center 
of  gravity  of  the  vessel. 

Steady  state  motion  of  ACV  will  be  statically  stable  if  during  change 
of  the  angle  of  drift  the  moment  of  yaw  tries  to  restore  it  to  the 
initial  angle  of  drift. 


We  know  that  the  condition  of  static  stability  on  course  of  a  float¬ 
ing  vessel  means  that  the  center*  of  hydromechanical  forces  should  be 
located  sternward  from  the  center  of  gravity  of  the  vessel.  By  analogy, 
the  condition  of  static  stability  on  course  of  ACV  will  mean  that  the 
center  of  aerohydromechanical  forces  should  be  located  sternward  from 
its  center  of  gravity. 


From  equations  (457)  and  (458),  assuming  5 A  =  6p  =  0,  we  obtain 


(459) 


Assuming  arm  a  to  be  Ideated  sternward  from  the  center  of  gravity, 
i.e.,  with  a  minus  sign,  the  condition  of  static  stability  of  ACV  on 
course  can  be  written  as  follows: 
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(460) 


a  <  0  or  nit  <  0. 


I 


I 


This  inequality  can  be  written  in  expanded  form  as  follows: 


qS6o%L 

+  4 -m\  ; 

yK  yH  “on 


ml  +mv  =■ 

*r  yn  "r.  o 


Rr.oxr.< 


*}$Go  kL  qScaKL 


(461) 

(462) 

(463) 

(464) 

(465) 


For  aircraft  the  condition  of  static  stability  on  course,  as  we 
know,  is  written  as  follows: 


ml  <0, 

and  for  floating  craft 


If  we  assume  that 
with  -the  water  surface 


g 

m  =0,  and  that  the  ACV  does  not  make  contact 
yR 

(R  =  0)  and  moves  at  high  speed  (Z  =  0), 
r .  o  d 


as  has  been  assumed  in  investigations  known  to  this  date,  then  the 
condition  of  static  stability  of  ACV  on  course  can  be  written  in  the 
same  way  as  for  aircraft. 


As  follows  from  525,  the  coefficient  of  static  stability  on  course 
plays  an  important  role  in  insuring  dynamic  stability  of  the  long- 


-periodic  form  of  motion,  directly  influencing  the  reserve  of  dynamic 
stability.  It  follows  from  expression  (462)  that  in  order  to  insure 
static  stability  on  course  it  is  advisable  in  ACV  design  to  try  to  make 
the  si^ns  of  all  terms  of  expression  (462)  negative,  and  the  values  of 
the  relative  arms  of  application  of  each  of  the  components  of  coefficient 


6 

m  maximum. 

y 

We  will  look  at  each  component  of  inequality  (461)  individually. 


•r 
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Coefficient  m  .  The  sign  of  coefficient  m  is  determined  by  the 
yR  yR 

location  of  the  reduced  arm  xR  /L  in  relation  to  the  center  of  gravity. 


6 


This  fact  can  be  used:  coefficient  mp  may  change  in  the  required  direction, 

ensuring  the  distribution  of  the  fans  through  the  length  of  the  vessel 
for  which  the  reduced  arm  will  be  located  sternward  from  the  center  of 
gravity. 

g 

Coefficient  m  .  In  examining  the  hydrodynamic  coefficient  of  the 
6 

moment  of  yaw  mp  'the  requirements  set  forth  above  lead  to  some  contra¬ 


diction.  The  lateral  force  of  wave  origin  Zg  is  applied  at  the  center 

of  the  area  of  the  air  cushion,  the  location  of  which  under  normal 
operating  conditions  is  rather  stable.  The  center  of  gravity  of  the 
.air  cushion  should  be  located  ahead  of  the  center  of  gravity  of  the 
vehicle,  since  through  it  passes  the  line  of  action  of  the  lift  from  the 
air  cushion,  which  creates  in  this  location  a  positive  (toward  the  stem) 
travel  trim.  The  point  of  application  of  the  lateral  force  of  wave 
origin  ZR,  and  consequently  coefficient  me  are  independent  of  change  in 

J  B 

-trim  if  it  does  not  involve  a  change  in  the  centering  of  the  vessel 

g 

xg  -  xn/L.  Coefficient  nr  is  directly  dependent  on  centering.  Thus, 

it/5  is  additive  to  the  coefficient  of  the  moment  of  yaw,  which  has  a 
yB 

negative  effect  on  static  stability  on  course. 

In  contrast,  the  point  of  application  of  the  lateral  force  of  hydro- 
dynamic  interaction  of  the  flexible  skirt  with  water  Z Q  is  extremely 

sensitive  to  change  not  only  of  the  centering  x^  -  xn/L  but  also  of  the 

travel  trim  of  the  ACV.  Thus,  a  change  in  travel  trim  from  positive  to 
negative  with  a  constant  centering  may  change  not  only  the  magnitude, 
but  also  the  sign  of  the  coefficient  m&  ,  whereas  the  value  of  mB 


'r.o 


here  may  remain  the  same  as  before. 


Not  only  the  arm,  but  also  the  magnitude  of  force  Z  are  exceedingly 

l  ■  o 

sensitive  to  changes  in  these  parameters,  since  this  has  an  effect  on  the 
wash  area  cf  the  flexible  skirt. 
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During  travel  at  a  constant  positive  travel  trim,  ensuring  satisfactory 
travel  qualities,'  the  point  of  application  of  force  Z  is  located 

I  •  o  i 

sternward  from  the  center  of  gravity  and  thereby  compensates'  (partially 
or  completely,  depending  on  the  Froude  number)  the  negative  effect  of  ; 
the  lateral  force  of  wave  origin  on  the  static  stability  on  course. 

g 

Coefficient  m  .  The  aerodynamic  coefficient  ;of  static  stability 

y<z 

can  be  broken  down  into  two  parts: 

-  *  ! 

■  =  +  .  ‘  I 


. (466) 


6 


where  m  is  aerodynamic  coefficient-  of  static  stability,  not  a  function 

a0  « 

i  • 

of  the  thrust  load  factor  of  the  power  plant;  ; 

g  -  ?  I 

m  f(o  )  is  an  additive  to  it,  a  function  of  a  .  1 

y,  p  *  p 

a  2 

g 

The  coefficient  mp  can  be  expressed  through  the  following  equation: 

y  a  ! 

ao 


“  mk  +  mL  (ap  =  0)  +  mk  “  ->  . 


! 


(467)  . 


This  is  the  same  coefficient  of  static  stability  on  course  that  is  found 
in  the  wind  tunnel  in  testing  of  an  ordinary  schematic  model  without 
simulating  the  operation  of  the  engine- fan  complex,  j 


g 

The  value  m  f(o  )  can  be  expressed  as  follows: 
ya  p 


Here  the  additive  to  the  coefficient  from  the  tail  group  is 


(468) 


c1 


Sonj  •ron/ 


_  y°n/  $60*  Lt  b t 

A\=\(aP^°)-\({>P=0) 


(469) 
1  (470) 
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'  •;*  1 
The  additive  from  the*  shrouds  is  ; 


2<_ 

•Ssojc 


(471) 


This  additive  is  determined  according  to  the  equations  presented 
in  §22.  '  .  5 

J  O 

,  The'  coefficient  m  on  a  proposed  vessel  with  the  selected  tail 
?  ’  % 

grpup  depends  only  on  the  centering  arid  trim.  By  and  large,  the  depend¬ 
ence  of  the  components'  of  coefficient  on  the  principal  parameters  can 

be  written  as  follows: 


'  mlr  =  nv.  *,*);  ■, 

mla  =/(v  b)  : 


(472) 


for  =  f(-^-n-,  ap). 


As  we  will  see,  the  coefficient  of  the  moment  of  yaw  depends 
largely  ,on  the  kinematic ‘‘parameters  of  longitudinal  motion— lift  h  and 
trim  ip.  Herein  is  manifested  .the  relationship  between  longitudinal  and 
lateral  motion  of  ;ACV.  Hence  'it  follows'  that  analysis  of  the  equations 
of , lateral 'motion  will  not  yield  exhaustive  information  concerning  the 
mechanism  of  phenomena  related  to  static  stability  on  course. 

i 

(  Imagine  an  ACV  'traveling  on  the  open  sea  on  calm  water  at  infinitely 
increasing  velocity.  This  motion  will  !be  accompanied  by  a  slight  keel, 
vertical  jump  and  a  reduction  of  travel  jrim  due  to  increasing  engine 
thrust .  i 


The  reduction  of  trim,  and  also  each  trim  oscillation  is  primarily 
a  change  in  the  magnitude,  and  also  the  sign  of  When  a  certain 

:  '  !  >  8  1  yr,° 
velocity  is  xeached  this  change  of  nr  may  change,  the  sign  of  the  entire 

J  I  1*0 

coefficient  m^  and  its  magnitude  to  such  an  extent  that  the  reserve  of 
dynamic  stability  m^  of  the  long-periodic  form  of  motion  of  the  ACV  will 
vanish  and  the  vehicle  will  go'  into  an  involuntary  spin. 
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.  I 


I 


With  a  poorly  designed  flexible  skirt,  the  bow  portions  of  the 
flexible  skirts  will  begin  to  disintegrate  before  this  moment,  and 
from  the  point  of  view  of  lateral  motion  this  involves  a  substantially  . 


g 

sharper  change  of  m  due  to  a  sharp  increase  in  the  area  of  wash  of 
yr.o 


the  flexible  skirt.  Part  of  the  air  cushion,  toward  the  bow  will  break 
down  and  centering  will  be  changed  due  to  displacement  of  the  center  of 
gravity  of  the  air  cushion  toward  the  ste*h.  Here  too,  the  restoring 
moment  of  Toll  m®  will  decrease  or  vanish  all  together, 
n 


Thus,  immediately  following  disintegration  of  the  flexible-  skirt 
dynamic  stability  both  of  the  long-periodic  and  short-periodic  forms 
of  motion  will  begin,  to  be  lost.  Further  behavior  of  the  vessel  will  be 
determined  by  the  nonlinearity  of  the  hydrodynamic  characteristics  of 
spatial  motion. 


As  shown  by  the  experience  of  English  researchers  [81],  breakdown 
of  the  flexible  skirt  during  travel  with  drift  can  result  in  capsizing 
of  the  ACV. 


To  avoid  emergency  situations  related  to  a  loss  of  dynamic  stability, 
attempts  are  made  to  standardize  static  stability  and  to  determine  ex¬ 
perimentally  the  margin  of  static  stability  on  course  required  for  safe 
ACV  operation. 


minimal  at  top  speed.  This  minimal  margin  is  the  criterion  of  static 
stability  during  ACV  travel  not  only  on  calm  water,  but  also  on  water 
of  the  prescribed  degree  of  waviness,  since  top  speed  is  reduced  as  the 
water  becomes  rougher  as  the  coefficient  of  static  stability  on  course 
increases  as  the  speed  is  reduced. 


Consequently,  the  basic  factor  adversely  affecting  the  static 
stability  on  course  of  a  traveling  ACV  is  reduction  of  the  travel  trim 
as  the  speed  of  the  vessel  is  increased.  Different  techniques  are  used 
to  combat  this  phenomenon,  chief  among  which  are  the  use  of  horizontal 
aerodynamic  rudders  and  control  of  centering. 


As  we  have  seen  from  (472) ,  a  change  in  centering  effects  both 
8  8 

m  and  m  .  Centering  itself  x  -  x  / L  may  change  the  function  of  both 
ya  yr  s 

arms  x  /L  and  x  /L. 
g  n' 
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A  change  of  arm  xn/L,  as  we  shall  see,  can  occur  only  in  an  emergency 

situation;  arm  x  / L  changes  regularly  during  the  process  of  AC V  operation. 

Therefore  change  of  centering  is  considered  to  be  a  function  of  arm  x  /L. 

8 

Displacement  of  the  center  of  gravity  of  an  ACV  toward  the  stem  leads  to 
a  reduction  of  m®  ,  but  increases  the  trim  on  the  stern,  which  leads  to 
yr. o  «  g 

a  twofold  change  of  nr  :  reduction  of  mP  due  to  a  reduction  of  the 

yr.c  yr.o 

arm  and  an  increase  due  to  an  increase  in  the  area  of  washing  of  the 
flexible  skirt.  This  complex  dependence  of  on  centering  leads  to  a 

situation  where  normal  operation  of  ACV  is  possible  only  during  strict 
observance  of  a  certain  range  of  change  of  centering,  within  which  the 
ACV  is  not  threatened  by  a  loss  of  static  stability  on  course. 

In  connection  with  the  tremendous  effect  of  centering  and  coefficient 

O 

nr  on  static  stability  on  course  it  is  advisable  to  determine  the  co- 


'r.o 


B 


efficient  m  through  polling  tests  of  ACV  models  with  fans  operating 


'r.o 


for  different  drift  angles. 

o 

We  will  represent  further  the  value  nr  in  the  following  form: 


ml "  m\t,  +  (°p)  +  ml,  +  mi.0  +  m\* 


The  possibility  during  ACV  operation  of  a  combination  of  conditions 
of  motion  such  that  all  components  change  for  the  worse  (i.e.,  their 
change  leads  to  a  reduction  of  static  stability),,  for  example  in  the 
case  of  a  tail  wind,  unfavorable  trim  and  roll  (or  sudden  disappearance 
of)  thrust  is  not  excluded.  In  this  case  the  only  value  that  is  capable 
of  insuring  static  stability  on  course  is  m^  ,  therefore  it  is  advisable 

*  a 


6 

in  the  given  stage  to  ensure  a  negative  m  ,  i.e.,  the  ACV  and  its  model- 


should  be  statically  stable  in  the  aerodynamic  sense. 
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If  the  vehicle  is  equipped  with  an  automatic  control  system  the 
absence  of  static  stability  can  be  compensated,  but  if  the  control  g 
system  breaks  down  instability  will  be  impossible  with  a  positive  m 

y?. 


§27*  Circulation  of  ACV 


We  will  examine  controlled  lateral  motion  of  ACV  created  by  rudder 

movement  6  . 

P 

•We  know  from  theoretical  mechanics  that  in  order  to  achieve  a 
curvilinear  trajectory  of  motion  in  a  horizontal  plane  it  is  necessary 
to  create  a  centripetal  force  that  also  lies  in  the  horizontal  plane. 
Such  a  force  can  be  obtained  for  ACV  in  three  ways: 


by  rolling  (without  drift) ; 


by  creating  drift; 


by  means  of  simultaneous  drift  and  rv.ll. 

Circulation  as  a  Result  of  Rolling  Without  D-ift 

Let  us  examine  the  steady  state  circulation  of  an  ACV  in  the 
horizontal  plane,  when  the  angle  of  roll  is  not  changed  and  there  is 
no  drift.  In  aviation  this  maneuver  is  called  "correct  turning"  [14] 
^Figure  166).  The  radius  of  curvature  of  the  trajectory  of  the  center 
of  gravity  of  the  vessel  in  this  case  is  determined  by  the  relation: 


where  P 

U 

m 

i 


n 


is  centripetal  force; 
is  the  mass  of  the  aCV; 
is  the  normal  acceleration. 


Since  in  =  v24HpK/R  and  Pu 


Y  sin  9,  then  Y  sin  8 


mV  /R. 
4npn 


It  follows  from  Figure  166  that  lift  in  this  case  is  Y  =  G/cos  8. 


Hence  the  radius  of  circulation  is 


V* 

MW* 


gt£0 


(473) 
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Figure  166.  Diagram  of  Action  of 
Forces  During  Steady  State 
Circulation  of  ACV  as  a  Result 
of  Rolling  Without  Drift. 


In  steady  state  circulation  the  speed  should  be  constant.  Therefore 
it  is  essential  that  during  the  time  of  circulation  the  available  thrust 
equal  the  thrust  required  for  overcoming  drag. 

In  order  that  the  ACV  enter  into  circulation  in  a  given  case  it  is 
essential  to  create  roll  to  the  side  corresponding  to  the  direction  of 
circulation  (internal  roll).  As  soon  as  the  vehicle  begins  to  roll,  the 
center  of  gravity  begins  to  move  in  a  curvilinear  trajectory.  If  here 
the  vessel  is  not  made  to  turn  in  relation  to  the  center  of  gravity  at 
the  same  angular  velocity  at  which  the  velocity  vector  of  the  center 
of  gravity  moves,  then  drift  occurs. 

To  prevent  this  from  happening  it  is  necessary  to  deflect  the 
vertical  rudder  to  within  circulation  or  to  create  the  corresponding 
moment  by  some  other  means. 

Figure  167  shows  the  curves,  obtained  by  calculation  using  equation 
(473),  of  the  radius  of  circulation  achieved  with  roll  only  as  a  function 
of  the  angle  of  roll. 


.  Figure  167.  Radi  us  of 
Circulation  Performed 
With  Roll  Only  as  a 
Function  of  Angle  of 
Roll  0. 
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To  investigate  circulation  performed  without  drift,  it  is  necessary 
to  assume  in  equation  (392)  $  (p)  =0,  and  also  to  consider  that  the 
sum  of  moments  relative  to  the  Oy  axis  is  identically  equal  in  this 
case  to  zero.  Then  system  (392)  will  acquire  the  form 

?  1“  fys — m»  P)  +;  . 

(i?4) 

+«[*•— 

=  Mx(p). 

The  determinant  of  this  system  with  consideration  of  the  values  of 
the  dynamic  coefficients  according  to ‘expression  (391)  is  equation 


where 


A  =  Cp*  +  Dp  +  £,. 


D  = 
E  = 


.  nun*> 


mupthi 


(475) 


(476) 


Partial  determinants  are  found,  as  before,  by  substituting  the 
corresponding  columns  with  the  right-hand  sides  of  system  (392). 


For  A. 


For  A 


IV 


\  =  ri&P  +  ro9;  . 


2(P); 


ril  nnnu 
r<y,  "1mZ  (P)  —  in32^x  (P)’  ■ 


Aft  —  r2  ri  PfP  r°Pf’ 

r\  . 

r0pi=niiZ(p)~n33MJp). 


(477) 


(478) 
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The  transform  of  angle  of  roll  0  and  angular  velocity  of  yaw  p <f> 
are  found  using  the  expressions  for 


(479) 

A- 

(480) 

Expressions  (479)  and  (480)  permit  analysis  of  the  dynamic  stability 
and  transition  processes  of  circulation  without  drift.  We  will  be 
interested  only  in  the  parameters  of  steady  state  circulation. 

If  we  assume  that  rotation  of  the  rudder  is  accomplished  instantaneously 
to  some  angle  6p,  then  by  converting  from  the  transforms  to  the  original 
for  t  -*■  then  we  obtain 


0  =  fo9  —  Ip  n»n<tn?<  4-  n3i  (nun:t  —  rtuKu)  . 

£  nu  — *  ntinn)  —  nsina^n 

4  _  R  _  £  __  Hg  —  nunn)  —  nsinisnn  1 

V  L  'r0pv  nnnn  (ni3^v>  —  nuna)  Ip 

where  R/L  is  the  relative  radius  of  circulation. 

In  connection  with  the  fact  that  rolling  of  the  vessel  in  the  given 
case  is  created  only  by  reaction  of  lateral  forces  on  the  rudder,  the 
balanced  regime  on  circulation  is  insured  by  outside  deflection  of  the 
rudder. 

Circulation  During  Travel  Only  with  Drift,  Without  Roll 

In  the  given  case  there  are  two  possible  variants  of  curvilinear 
motion:  with  inside  (toward  the  center  of  curvature  of  the  trajectory) 
and  with  outside  drift  (away  from  the  center  of  curvature  of  the  trajectory). 

We  will  examine  motion  of  ACV  in'  a  curvilinear  trajectory  with  inside 
drift.  We  see  in  Figure  168  that  in  the  case  of  motion  with  inside  drift 
a  lateral  force  7  and  the  projections  of  the  force  of  thrust  of  the  engines 
onto  the  normal  .o  the  trajectory  of  travel  Z,j,  do  not  create  centripetal 

forces,  and  travel  with  inside  drift  is  not  acceptable.  During  travel  with 
outside  drift,  as  seen  in  the  Figure,  the  centripet.al  force  develops  and 
consists  of  lateral  force  Z  and  the  projection  of  the  engine  thrust  onto 
the  normal  to  the  trajectory  of  motion  if  the  direction  of  the  thrust  does 
not  coincide  with  the  direction  of  the  velocity  of  the  center  of  gravity 
of  the  ACV. 


(481) 

(482) 
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What  role  does  the  vertical  rudder  of  the  ACV  play  in  this  case? 
Rotation  of  the  vertical  rudder  precedes  steering  of  the  ACV  at  some 
angle  to  the  incident  flow,  at  which  the  centripetal  force  is  developed. 
As  the  vertical  rudder  is  rotated  in  order  to  create  outside  drift 
(rotation  of  the  rudder  toward  the  center  of  curvature  of  the  trajectory) 
a  force  is  created  on  it,  directed  away  from  the  center  of  curvature  of 
the  trajectory  of  the  center  of  gravity.  This  force  reduces  the  centri¬ 
petal  force,  but  the  moment  of  this  force  insures  ACV  travel  with  drift, 
with  the  result  that  a  lateral  force  builds  up  on  the  hull,  which  chiefly 
governs  the  development  of  centripetal  force. 

However,  if  the  vessel,  during  motion  of  the  center  of  gravity  of 
the  ACV  on  the  curvilinear  trajectory,  should  complete  only  translatory 
motion,  then  the  rotation  of  the  trajectory  of  the  center  of  gravity  by 
angle  3  would  change  the  drift  of  the  ACV  by  the  same  angle  3 — drift 
would  disappear  and  the  centripetal  force  would  also  vanish.  In  order 
that  the  angle  of  drift  caused  by  the  centripetal  force  remained  constant 
the  vessel,  in  turn,  must  rotate  around  the  center  of  gravity  at  the 
same  angular  velocity  as  does  the  tangent  to  the  trajectory  of  the  center 
of  gravity  of  the  ACV. 


Figure  168.  Diagram  of  Action  of  Forces  in  Steady  State  Circulation 
of  ACV  in  the  Case  of  Motion  with  Drift  Only:  a,  with  inside  drift; 
b ,  with  outside  dri ft . 


In  order  for  an  angular  velocity  of  rotation  around  the  center  of 
gravity  to  be  developed  the  operator  must  create  an  angular  acceleration 
of  the  relative  center  of  gravity  until  the  angular  velocity  of  rotation 
around  the  center  of  gravity  becomes  equal  to  the  angular  velocity  of 
rotation  of  the  center  of  gravity. 


If  the  centripetal  force  is  constant,  then  the  angular  velocity  of 
rotation  of  the  center  of  gravity  relative  to  the  center  of  curvature 
of  the  trajectory  should  also  remain  constant  at  constant  translatory 
speed.  During  curvilinear  motion  with  a  constant  angular  velocity 
(steady  state  circulation)  the  ACV  should  be  rotated  around  the  center 
of  gravity,  also  at  constant  angular  velocity.' 

During  rotational  motion  the  ACV  experiences  resistance  to  motion 
from  the  medium— the  effect  of  the  damping  moment.  If  the  damping  moment 
is  not  equalized,  for  instance,  by  deflecting  the  rudder,  then  rotation 
at  a  constant  angular  velocity  is  impossible.  The  angular  velocity  will 
decrease,  approaching  zero. 

Thus,  deflection  of  the  rudder  while  bringing  the  ACV  into  steady 
state  circulation  is  essential  at  first  in  order  to  create  angular 
acceleration,  and  then  in  order  that  the  magnitude  of  the  ang -lar 
velocity  attained  remains  constant  (i.e.,  in  order  that  the  damping  moment 
be  equalized) .  Here  the  rudder  def lection  required  for  createing  angular 
velocity  is  the  same  in  terms  of • direction  as  that  which  insures  creation 
of  the  moment  that  equalizes  the  damping  moment. 

To  analyze  circulation  accomplished  without  roll  we  must  assume 
0  =  0  in  equation  system  (392) ,  and  also  discard  the  equation  of  moments 
relative  to  the  Ox  axis.  System  (392)  will  acquire  the  following  form: 

P  (—  «3i  +  P)  +  P*  [mMJ  =  Z  (p); 

.  -  P  i'n5il  +  P?  jm5i  +  =  Mu (p).  (483) 

The  determinant  of  this  system  in  consideration  of  the  dynamic  coefficients 
according  to  dependence  (391)  is: 


where 


A  =  Cpz  Dp  +  E, 


■  D=m6S— 


itn 

nn 


E  =  m3lrtsl  —  WjjNn* 


(484) 

(485) 


The  partial  determinants  are  expressed  through  the  following  equations: 


(486) 


—  r\ iP + V 

r  _  2(P)  . 

’■ 

r^  =  Z(p)mS2-My{p)m^ 

A/>?  =  r!^P  +  r Off! 

ri  •  (487) 

rO«~n5l^0>)-«3,A*yfp). 


The  transforms  of  angle  of  drift  8  and  angular  velocity  of  yaw 
are  found  through  the  expressions 


P(P)  = 
P?(P)  = 


(488) 

(489) 


Expressions  (488)  and  (489)  enable  us  to  analyze  the  dynamic 
stability  and  transition  processes  during  circulation  accomplished 
without  roll.  The  parameters  of  steady  state  circulation  will  be 
determined  by  the  expressions 


8  =  —  nnnii  g_. 

V  rinn31— 

P  _  niinn  —  Rain  *  _J_ 

L  nn  (nnnJj  ~  ,  5 p 


(490) 

(491) 


Circulation  as  a  Result  of  Simultaneous  Drift  and  Roll 

Circulation  with  inside  drift,  as  seen  in  Figure  169a,  will  be 
accomplished  in  the  horizontal  plane,  when 

«  *cos(6  — ®  ')=,(?. 

Circulation  with  outside  drift,  as  seen  in  Figure  169b  will  be  accomplished 
in  the  horizontal  plane  when 


R  cos  (0  -j-  Q'j  =  G. 
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,  ie  .  . 

Figure  16S.  Diagram  of  Action  of  Forces  in  Steady 
State  Circulation  of  ACV  as  a  Result  of  Simultaneous 
Drift  and  Roll:  a,  Ci rculation  wi th  inside  drift; 
b",  Ci  rculation  wi  th  outside  drift.  n6,  Starboard; 
n6,  Port  side. 


It  follows  from  the  above  that  the  same  aerodynamic  force  R 
equalizes  with  its  projection  onto  the  vertical,  the  weight  of  the  ACV, 
accomplishing  circulation  without  side  drift,  with  an  angle  of  roll 
smaller  than  in  the  case  of  circulation  without  drift.  If  circulation 
is  accomplished  with  inside  drift,  then  the  same  magnitude  of  force  R 
equalizes  the  force  of  the  weight  with  an  angle  of  roll  larger  than  in 
the  case  of  circulation  without  drift. 

Thus,  circulation  with  outside  drift  is  also  more  suitable  in  this 
case.  To  arrive  at  a  quantitative  evaluation  of  steady  state  circulation 
during  ACV  travel  with  drift  and  roll  we  will  write  the  transfer  functions 
for  the  kinematic  parameters  of  lateral  motion  6,  9  and  with 
perturbation  6p. 
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(401)!e(4°04)?cw°)  ^WieTfor  Jf?  <*  «p™*ions 

8 


for  Wn: 
8' 


for  W 


■V<P 


r „  =  a  - 


/  nM  - 

)„  j_  / 

'  «a  \ 

l  «««»* 

«««»  Jn35  +  ( 

nn^n  ) 

nti^n 


**44^74  1 


'*  -  W«6a  +  «55«e  -  /yi^  =  ~ 


ntt  I 

n*  ~h 


%U 

«n 

»*  ’  .', 

nn*hi 

nf*  /  J 

■)]+*«•*« 


■«*<!>)■ 


«g  j 


n«  nj*n»  * 


. 


(  «u«t t 

Am1 

v  "a'*!* 

nBj 

...  +"»(; 

rt-.n„  jnm  —  n„  -j^-j  +  nw  Jn„ 


A  «»>»n  i: 
)  Wn  J  ’ 


nui  rt 

■  ”a\) 

nnnu  ■  ’ 

n»JJ 

nufln 

_  2a.V  i 

nnnu 

^rr 

4.  ' 


(492) 


(493) 


r.  __«= 


«u 


(494) 


**  nu 


0  "as  fjV-Jjj)  +»*(>'»  ^ -%)  +  »«  (0); 

"«!  '“"  ”»««)  +  »«  (»3|4« ~  «33n4.); 


-374 


In  accordance  with  expression  (408)  we  will  determine  the  transfer 
functions  W^,  Wfl  and  if  for  perturbation  Sp  and  using  expression  (412) 

we  will  find  the  transforms  themselves: 


P(p)  =  Wfp(p);  •• 
'  0  (p)  =  wt*p(p){" 

l 

P?(p)=--W„tp(p). . 


(495) 


Fiere,  in  expression  (408)  the  approximate  coefficients  of  determinants 
(397)  are: 


A 


! 


"!*"**  *  ... 
d  _ _  Am  +  4-  fin  .  '  _ 

n  _ _  na  . 

■  •  na  *  !  ■■■.. 

D  =  (n3in43  —  ns3rj41  +  «)»•  • . 


(496) 


E=-^  (n4jnsirts2  —  n«Psin6t)*. 


After  finding  the  originals  according  to  the  transforms,  we  obtain 
expressions  that  are  suitable  for  analyzing  all  three  (maneuvering, 
evolutionary  and  steady  state)  periods  of  AC V  circulation. 


We  will  demonstrate  the  possibility  of  using  these  equations  by 
way  of  example  of  analysis  of  the  steady  state  circulation  of  ACV. 

During  steady  state  circulation  the  kinematic  parameters  of  motion  acquire 
limiting  values  if,  as  before,  time  t  approaches  00 .  Here,  toward  the  end 
of  the  transition  process  the  kinematic  parameters  approach  the  following 
limiting  values: 

.  Aji  (co) 
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(497) 


By  substituting  into  expressions  (497)  the  values  entering  into  them 
we  obtain 
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.  Analysis  of  the  result  obtained  by  calculating  the  elements  of 
circulation  of  ACV  of  ordinary  forms  according  to  the  equations  presented 
above  indicates  that  the  angle  of  drift  in  steady  state  circulation  is 
practical  .y  the  same  as  during  circulation  with  drift  only  and  circulation 
with  roll  and  drift,  and  the  radius  of  steady  state  circulation  in  the 
former  case  is  greater  than  in  the  latter.  Despite  the  fact  that  the 
angle  of  roll  during  circulation  with  roll  only  is  somewhat  smaller  than 
during  circulation  with  roll  and  drift,  the  radius  of  the  steady  state 
circulation  in  the  latter  case  is  considerably  smaller  than  in  the  ■ 
former. 

Circulation  with  drift  only,  and  also' with  .drift  and  roll',  occurs 
in  the  direction  of  rudder  deflection;  circulation  with  roll  only  is  in 
the  direction  opposite  rudder  deflection,  since  rolling  in  the  given  case 
occurs  under  the  influence  of  lateral  forces  on  the  deflected  rudder. 

By  an  large  the  angle  of  roll  on  circulation  is  ssiiall.  Allowance 
for  the  forces  of  hydrodynamic  interaction  leads  to  some  enlargement 
of  the  radius  of  steady  state  circulation  and  reduction  of  the  angle  of  5 
roll  and  angle  of  drift  on  circulation. 


1 


I 


I 


! 


I 


i 


Chapter  .VI.  Seaworthiness "of  Air  Cushion  Vehicles 

i 

It  is-  knbwn  that  seaworthiness  is  the  total  of  all  characteristics 
.which  ensure  smoothness  and  a  small  degree  of  roll  (a  favorable 
characteristic  considering  the  overflow  and  splashing  of  waves) ,  and 
also  the  suitability  for  long  sea  voyages. 

i 

Seaworthiness  df  AGV's  is  characterized  by:  vertical  rolling, 
pitching,  side  rblling,  and  by  its  so-called  accelerations;  loss  of 
speed  in  choppy -sea  conditions:!  yaw  and  drift;  splashing  on  decks, 
superstructures,  and  prdpelling  agents;  durability  of  the  hull  and 
its  specific  construction;  the  possibility  for  maintenance  of  technical 
equipment  of  the  AQV  while  moving  in  choppy  sea  conditions;  and  the 
general  suitability  of  the  ACV-’.s  to  navigation  in  conditions  of  in¬ 
creased  choppy  sea  and  winds. 

,  To  a  considerable  degree,  the  seaworthiness  of  an  ACV  is  determined 
jby  its  rolling,'  which  is  itself  the  basic  cause  of  lower  operational 
quality  in  moving  over  choppy  seas.  A  number  of  these  negative  occur¬ 
rences,  called  rolling,  are  attributed  to: 

A^considerable  loss  of  speed  due  to  an  increase  of  hydrodynamic 
resistance  with  wa'sh-ofJ:  on  the  flexible  skirts  and’  hull  and  an  increase 
of  reactively  formed  resistance  with  a  great  deal  of  pitching; 

The  possibility  of  a  loss  of  local  durability  in  the  hull  construc¬ 
tion'  and  overall  durability,  .because  of  the  appearance  of  additional 
forces,  called  accelerations  of  vertical-  roll  !and  pitch: 

i 

i  !  . 
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The  possibility  of  the  ACV  overturning  (especially  while  moving 
broadside  to  the  waves  with  a  great  deal  of  drift,  when  the  "slide" 
of  the  ACV  on  the  waves  may  lead  to  blows  on  the  lee  side;  and  if  the 
craft  has  considerable  amplitude  of  side  roll,  then  capsizing  isn't 
excluded) ; 

A  deterioration  of.  living  conditions; 

A  sharp  increase  of  overflow,  hampering  operation  of  the  air  screws 
and  fans  and  promoting  an  intensive  ice  covering  of  the  ACV  at  low 
temperatures;  and  a  deterioration  of  control. 


An  ACV  of  the  nozzle  type 
of  its  development  (until  the 
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Figure  1 70.  The  Change  in  Sea 
worthiness  of  the  SKMR-1  ACV 
with  the  Installation  of 
Flexible  Skirts;  I,  Wknout 
flexible  skirts;  2,  "With 
flexible  skirts  1.2  meters 
high. 


,  as  already  was  noted,  in  the  first  phase 
invention  and  installation  of  flexible 
skirts)  proved  to  be  totally  un- 
seawothy  because  of  intensive  pitching 
and  vertical  rolling,  accompanied  by 
great  accelerations  and  wash-off  on 
the  hull,  sharply  decreased  its  speed 
and  made  it  unfit  for  operation  in 
choppy  sea  conditions.  Flexible 
skirts  in  the  zone  of  the  air  cushions 
along  the  hull’s  perimeter  (Class  A) 
or  in  the  extremities  (Class  B) 
permitted  a  considerable  inciease  in 
clearance  between  the  bottom  of  the 
ACV  and  the  water's  surface,  which 
led  to  a  considerable  decrease  in  roll, 
a  reduction  of  vertical  acceleration, 
and  a  higher  degree  of  seaworthiness. 

To  the  force  of  waves,  the  flexible 
skirts  simply  give  way,  resulting  in 
considerably  less  wave  resistance  than 
an  ACV  without  flexible  skirts  (Figure 
170). 


In  such  a  way,  flexible  skirts  opened  new  avenues  of  practical 
applications  for  ACV's  in  regions  of  increased  choppiness  of  sea  condi¬ 
tions.  However,  although  flexible  skirts  decreased  the  subjection  of  an 
ACV  to  rolling,  they  could  not  eliminate  it  altogether.  Every  ACV  is 
.subject  to  rolling,  and  this  remains  a  major  problem  for  ACV's. 

IS'e  note  that,  if  the  theory  of  rolling  during  the  shift  of  a  craft 
(one  of  the  most  complex  disciplines  of  ship  theory)  has  not  been 
sufficiently  worked  our  by  now,  then  the  theory  of  roll  for  ACV's  only 
makes  investigation  of  rolling  in  ACV's  more  difficult,  since  the  inter¬ 
action  of  the  hull  of  the  craft  and  the  water  across  the  air  cushion 
is  extremely  complex  and  moments  of  force,  acting  on  the  ACV  during  rolling, 
appear,  as  a  rule,  as  non-linear  functions  of  the  parameters  of  rolling 
and  movement.  The  strict  engineering  organization  of  problems  of  rolling 
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2N0  -  damping  moments. 

In  dividing  the  equation  (501)  by  Jx  +  AJ^,  we  get 


0  -f-  2v#0  -f  hj0  =  0,  (502' 

where  v.  =  N/J  +  AJ  -  coefficient  of  damping  for  side  rolls. 

v7  X  X 

Equations  (501)  and  (502)  are  analogous  equations  for  side  roll  in 
displacement-type  craft  on  calm  water,  with  resistance  proportionate  to 
the  first  degree  of  cornering  speed  with  roll.  The  solution  to  this 
equation  may  be  found  in  the  form  of 


where 


0  =  0, 


— *8*  .  . . 

%e  ■  cos.(«e<- 


fe)» 


.  Wo  =  Kn6“ii  cosf6 


(503) 


•The  expression  (503)  determines  the  dampening  of  fluctuation  of 
movement  with  constant  periods 

rp _ ’  2lC 

“  wt 

and  with  variable  amplitude 
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In  Figure  171,  the  curve  of  the  dampened 
side  fluctuations  in  a  model  of  the  ACV  SKMR-1 
is  set  forth.  As  the  drawing  shows,  the 
character  of  the  side  fluctuations  agrees  with 
equation  (503) . 

In  investigating  an  ACV's  roll  in  average 
choppy  sea  conditions,  one  might  take  advantages 
of  the  method  offered  in  a  number  of  works,  and 
substitute  the  wave  surface  with  the  surface  of 
of  a  hard  screen  moving  at  the  speed  of  the  waves, 

the  and  the  curve  of  the  wave's  profile.  Then  the 

perturbation  forces,  which  act  on  the  ACV,  may 
be  divided  into  two  parts:  the  basic,  deter¬ 
mined  by  the  supposition  that  the  wave  is  not  deformed  by  the  ACV;  and  the 
hydrodynamic,  with  the  stipulation  of  perturbation  in  introduction  of  the 
ACV  to  the  dashing  waves. 


Figure  171*  Damping 
Side  Fluctuations  in 
SKMR-1. 


Perturbation  moments,  determined  by  the  supposition  that  the  wave  is 
not  deformed  by  the  craft,  the  relative  incline  does  not  depart  from  the 
limits  of  linear  length  of  the  diagram  Me  =  f (0)  and  the  width  of  the  ACV, 
is  small  in  comparison  with  the  length  of  the  waves,  making 
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where  a0  -  greatest  angle  of  wave  slope;  and 
a  -  wave  frequency. 


In  commensurability  of  the  width  of  the  ACV  with  wave  length,  the 
steepness  of  the  wave  to  the  fuli  width  of  the  craft  will  be  altered. 

In  theories  on  rolling  in  craft,  this  is  accounted  for  by  the  introduction 
of  the  reduction  coefficient  x0  in  the  expression  of  the  amplitude  of 
perturbation  forces . 


The  hydrodynamic  structure  of  the  perturbation  forces,  in  the  first 
approximation,  may  also  be  accounted  for  by  introduction  of  the  correction 
factf?  kj  in  the  expression  of  the  amplitude  of  perturbation  forces.  Then 

the  simplified  equation  for  side  roll  in  average  Jhoppy  seas  may  be  written 
as 


U, 


tj.'.ii,  , 


OMi) 


-Vo 


sin  at. 


(504) 


where  k0  =  x0,k1  -  correction  factor,  depending  on  the  expenditure  of  air, 

the  height  of  the  flexible  skirts,  the  air  pressure  in  the  receiver  and  the 
cushions,  the  forms  and  relative  measurements  of  the  air  cushions,  and  the 
relationship  of  the  ACV's  width  to  the  length  of  the  waves. 

Testing  of  the  models  allows  determination  of  the  meaning  of  the 
correction  factor.  We  note  that  equation  (504)  is  correct,  if  the  ampli¬ 
tudes  of  the  rolling  do  not  exceed  the  limits  of  the  linear  lengths  of 
the  diagram  MQ  =  f(0).  In  large  amplitudes  of  rolling,  the  relationship 

of  M0  =  f(0)  may  prove  to  be  essentially  non-linear  and  the  differential 

equation  of  roll  becomes  complicated. 

By  dividing  equation  (504)  by  the  coefficient,  as  a  second  derivative 
we  get 


O'  +  2v„  6  +  fljQ  =  k^n]  sin  at.  ^505 

Equations  (504)  and  (505)  are  analogous  to  the  shortened  equations  for 
side  rolling,  acquired  in  ship  theory.  A  solution  of  equation  (505)  may  be 
presented  in  the  form  of  the  sum  of  free  and  forced  fluctuations 

0  =  e  (c,cosu>6f  -f-c2si:iw6/)  +  0msin(o/*-88),  (506) 
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sweeps,  in  degrees 


where 


fl _ W! 

"  v  (4-^2+H^' 


(507) 


tan  8a  =  - 


2vao 


nf-o2 


1  ~  V  nl — ye~nt' 


Cj  and  c2  -  arbitrary  constants,  determined  by  jriii^y  conditions. 

Free  fluctuations  in  an  ACV  on  actual  choppy  seas  quickly  fade,  while 

forced  fluctuations  originate  with  frequency  of  perturbation  forces:  while 

moored,  from  wave  frequency  a;  and  while  moving,  from  so-called  "apparent 

frequency,"  frequency  of  meeting  with  waves; 

\ 


°X  =  ‘J  +  -J-KC0S?, 

where  V  -  speed  of  the  ACV  in  meters  per  second;  and 
if i  -  course  angle  of  the  waves1. 

In  Figure  172,  data  is  set  forth  concerning  the  meanings  of  results 
of  testing  models  for  sweeps  of  side  roll  for  a  launch  on  air  cushions, 
the  SKMR-1,  in  moving  broadside  to  waves  at  speeds  up  to  20-35  knots. 

As  one  can  see  from  the  drawing,  the  speed  in  practice  does  not  influence 
the  sweeps  of  roll.  Iii  higher  waves  (from  0.6-0. 9  meters  to  1.8  meters) 

the  sweeps  of  side  roll  increase  1.5- 
-2.2  times  (from  10  to  lfc-22°).  A 
change  in  wave  lengths  at  hy  =  0.6-0. 9 

meters  by  1.5  times  does  not  lead  to 
a  considerable  change  in  the  sweeps  of 
roll.  At  wave  heights  of  1.8  meters,  an 
increase  in  their  lengths  from  20  to 
30  meters  leads  to  a  decrease  in  the 
sweeps  of  roll  by  approximately  30% 

(from  22-23°  to  16-18°). 

The  amplitudes  of  side  roll  in-  an 
ACV  on  average  choppy  seas  reach  maximum 
meaning  in  moving  broadside  to  waves 
(course  wave  angle  =  90°),  as  well  as  at 
sharp  angles  while  moving  at  a  speed,  at 
which  the  period  of  meeting  waves  is  close 
to  the  period'  of  actual  side  fluctuations 
in  the  ACV. 

Roll  ,n  an  ACV  on  irregular  choppy  seas  considerably  differs  from  roll 
on  average  c.ioppy  seas  and  is  characterized  by  a  lack  of  visible  regularity 


JWe  note  that  Class  A  ACV's  in  crosswinds  move  with  considerable  drift 
angle,  therefore,  the  angle  under  which  waves  are  met  by  the  ACV's  differs- 
from  the  course  angle  of  the  quantity  of  drift  angle. 


speed,  in  knots 


Figure  172.  Side  Roll  in 
the  SKMR-1  ACV  in  Average 
Choppy  Sea  Conditions. 
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in' alteration  of  amplitudes  and  periods  of  constant  fluctuations; 

In  theories  on  roll  in  craft,  it  is  establ  ,.:ned  that  in  frequency 
of  perturbation  moments,  close  to  resonance,  ir  egularity  during  periods 
of  choppy  sea  condi  '.ons  may  lead  to  a  decrease  in  total  amplitude  in 
comparison  with  computations  in  accordance  wit1.  tneories  of  forced 
fluctuations  or  those  measured  in  average  chor>p\  sea  conditions.  In 
frequency  of  perturbation  moments,  distant  from  resonance,  irregularity  of 
choppy  seas  may  lead  to  an  increase  in  total  amplitude  in  comparison 
with  that  computed  or  measured  in  average  cher-py  sea  conditions. 

It  may  be  conjectured  that  this  proposition  is  correct  also  in. 
computing  roll  in  ACV’s. 

Regarding  investigations  of  roll  in  irregular  choppy  sea.  conditions, 
in  current  theories  on  r«n  methods  in  theory  of  stationary  causal  pro¬ 
cesses  are  being  widely  used.  The  craft  is  considered  as  a  linear  fluctuating 
system,  the  choppy  sea  conditions  -  as  the  entering  causal  process,  resulting 
in  the  departing  process  of  roll. 

The  basic  tenets  of  che  probability  calculations  of  roll  in  craft 
apply  also  to  calculations  of  roll  in  ACV's.  We  recall  these  tenets  from 
[58].  As  is  known  from  vhe  theories  dealing  with  stationary  causal  pro¬ 
cesses,  the  entrance  and  departure  processes,  the  depicted  linear  equations 
are  bound  by*the  theory  of  A.  Ya.  Khinchin  relative  to 

Siux(a)~  i  f5’)81 


where  S  t(c)  -  spectral  density  of  the  departure  process  (rolling); 

S.  Jo)  -  spectral  density  of  the  entrance  process  (choppy  sea 
1  conditions) ; 

$  -  intermediate  functions  (dynamic  reaction  of  the  ship  to  a  single 
harmonious  perturbation) . 

As  far  as  spectral  density  of  choppy  sea  conditions,  it  has  been 
well  studied  and  may  be  expressed  by  well-Tcnown  formulae  (of  Voznesenski, 
Firsov,  Neiman,  Derbyshire  and  others),  with  the  probability  calculation 
of  roll  problems  leading  to  the  determination  of  the  intermediate  functions. 
The  intermediate  function  for  side  roll  in  an  ACV  moving  broadside  to 
waves  may  be  acquired  with  the  help  of  the  expressions  for  amplitude  of 
forced  fluctuations  (507),  if  one  substitutes  in  the  formula  =  a2/g*hv/2 

and  it  is  assumed  that  hv/2  n  1.0, 
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With  the  movement  of  a  craft  at  an  angle  <p  toward  the  front  of  the 
waves,  the  intermediate  function  may  be  conceived  relative  to 


<5. 


ey(n  f-?-x)2-r4v!°K 


Consequently,  the  expression  for  the  frequency  spectrums  of  side 
roll  in  an  ACV  at  all  rates  of  movement  may  be  written  in  the  form  of 


ft?nas4sin2<?  _  . , 

Sc  (°)  =  - 2\2 77781 

^[(Ho-Ok)  +4v6°;J 


(509) 


According  to  the  spectrum,  dispersion  D.  and  ampl  itches  of  roll  may 
be  calculated,  given  the  provision 

S$Mdo; 


(510) 


(511) 


where  n%  -  the  given  provision. 

Further,  by  the  known  relative  theory  of  stationary  causal  processes, 
the  spectral  density  of  dispersion  and  amplitude  meanings  for  speed  and 
acceleration  of  roll ' (as  well  as  the  average  frequencies  and  periods  of 
roll)  may  be  acquired. 

Today,  probability  calculations  of  roll  in  an  ACV  may  be  considered 
only  as  highly  conditional.  It  was  already  noted  above  that  probability 
calcu’ations  are' suitable  only  for  examining  the  processes,  depicted  by 
linear  differential  equations.  Regarding  side  roll  in  an  ACV  with  con¬ 
siderable  amplitudes,  it  is  possible  to  have  considerable  non-linearity 
of  the  restored  and  damping  moments,  therefore,  the  limits  of  suitability 
for  probability  calculations  require  special  investigation. 

Of  interest  is  becoming  acquainted  with  the  results  of  measurements 
of  the  parameters  of  roll  for  actual-size  ACV's,  during  movement  in 
irregular  choppy  sea  conditions. 

In  the  analysis  of  the  craft's  roll,  two  probability  methods  are 
employed:  statistical  and  spectral 
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In  the  statistical  method,  cycles  and  half-cycles  of  roll  are 
considered  as  a  system  of  dual-correlated  causal  quantities.  In 
quality  of  probability  characteristics,  these  quantities  are  received 
as:  the  average  and  greatest  meanings  of  cycles  and  half-cycles;  the 
dispersion  of  cycles  and  half-cycles;  the  coefficient  variations 
(variables)  of  cycles  and  half-cycles;  the  coefficient  of  the  correla¬ 
tion  between  the  cycles  and  the  corresponding  half-cycles. 

Knowledge  of  these  quantities,  as  a  rule,  is  sufficient  for  quanti¬ 
tative  estimations  of  the  processes  of  rolling;  In  those  cases,  where 
it  is  necessary  to  present  the  choppy  sea  conditions  and  the  roll  as 
non-statistical  totals  of  fluctuation  elements,  and  in  a  form  of  a 
continuous  physical  process  conforming  to  the  spectral  method  of 
describing  causal  processes,  the  calculations  are  labor-consuming. 

In  Table  18,  results  are  set  forth  for  the  determination  of  empirical 
functions  for  the  distribution  of  cycles  and  half-cycles  of  side  rolling, 
as  well  as  showing  calculations  of  the  statistical  characteristics  of 
an  air  cushion  launch  with  a  displacement  of  30  tons,  moving  broadside 
to  the  waves. 

TABLE  18.  CORRELATION  TABLE  OF  DISTRIBUTION  OF  SWEEPS  AND  HALF-CYCLES 
IN  SIDE- ROLL  OF  AC V's  6  =  30  TONS 


Force  and  wave  type  h3K  -  1,0  m.  wind 


Speed  and  wind  force  v  »  8-10  meters  per  second 

Intervals  art 

■ 

Interval*  at 

0-0.1 

0,1-0, 2 

0,3— 0,4 

sbbxsi 

. 

0.05 

.  0.15 

0,25 

0,35 

.  0.45 

■■ 

,  *1  » 

2 

■ 

1 

(M— 0.5 

0.5 — 0,6 

0,6— 0,7 

0,7-C.t 

O.B-O.S 

o.n-i,o 

1 .0-1.1 

2 

7 

§. 

1  6 

7 

4 

2 

8 

5  . 

4 

1 

1 

4 

3 

t 

Zn 

I 

9 

IS 

17 

22 

10 

II* 

0.034 

0,166 

0,159 

0,206 

0.094 

■Ph-h 

III 

0,0042 

0,0252 

0,0398 

0,072 

0.0423 

H~Zph.H  ■ 

IV 

-0,321 

-0,221 

-0,121 

0,079 

mm 

0,104 

0,049 

0.0147  . 

0,00045 

0,0064 

ph(,i.-Zph-hY 

0,0087 

0,0082 

0,00234 

0 

0,0068 

S  X'llfj  ■ 

3,25 

a.i 

9,16 

*3.7 

5,90 

Bfl 

0.565  . 

0.45 

0,54 

0,623 

0.59 

B9 

0,13 

*  1.22 

2,29 

1 

,  4,80 

2.66 
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Parameters  of  Distribution 

Sweeps  H 

Half-cycles  * 

Average  Meaning 

rt-5,3 

t  -  3,55 

Dispersion 

% 

i 

•  » 

o 

-  t.ot 

Coefficient 

0.^5 

Ux  -  0.28 

Coefficient  Correlations 


rHt  ~  O.M 


I 


t 


1 


I 


Data  concerning  the  relationships  of  maximum  and  average  cycles  of 
side  roll  in  this  launch  to  the  coyrse  wave  angle  is  in  Figure'  173,  and 
in  Figure  174  -  the  curves  of  their  distribution.  *  , 

t 

An  analysis  of  the  recorded  side  rolling  of  the  ACV  in  irregular 
choppy  sea  conditions  allows  one  to  make  the  following  basic  conclu-  • 
sions:  : 

<  .  '  • 

a)  At  wave  heights  of  3%,  exactly  equal  to  the  height  of  the 

flexible  skirts,  the  sweeps"  of  side  roll,  reach  a  maximum  10-15°  with, 
course  wave  angle  =  45-90°.  In  moving  against  the i waves  (course  wave  . 
angle  =  0°)  and  along  th'e  waves  in  conditions  of  3- dimensional  windy 
sea  conditions,  the  sweeps  of  side  roll  do  not  exceed  5-6°;  i 

b)  In  contrast  to  displacement-type  crdft,  periods  of  side 

roll  in  ACV's  almost  coincide  wj.th  periods  of  pitching:  , 

c)  Cycles  of  side  roll  "in  displacement-type  craft  may  exceed  the 

cycles  in  ACV's.  ,  ' 

§29.  Vertical  Rolling 

*  1 

*  v  * 

Acting  in  vertical  fluctuations  of  an  ACV  are':  .nertial  resilient 
forces  of  the  .air  cushions ,  formed  as  a  result  of  .the  inertial  influence 
of  the  water;  damping  forces  of  the  air  cushions,  proportionate  speeds 
of  linear  shifts;  resilient  forces  of.  the  air  cushions,  proportionate 

quantities  of  linear  shifts.  '< 

1  ■ 

As  experiments  of  mode^  ACV's  show,'  vertical  rolling. does  not 
have  a  substantial  influence  on  the  keel1,  so  that  it  is  .possible  to 
examine  vertical  rolling  clearly.  !  ( 

:  1  1 

An  equation  for  vertical  rolling  on  calm  water,  may  b.e  written 
in  the  form  of  ; 


(f  +  **)»+, 1 ^'+f-!'  =  0.  ' 

I 

*  " 

il  +  2vj ,• //+  n2yy  =  0. 


or 


(512) 


(513) 


Equation  (513)  is  analogous  to  equation  (502) .  Its  solution  may 
be  written  as  .  ,  1  1 


y  =  ynf'yt.  cos  (y- Tv).  . 


C514) 
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I 


\ 
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•Equation  (514)  determines  the  damping  of  the  fluctuating  movement 
with  the  period  2-z/u^. 

i 

!  In  Figure  175,  the  curves  of  damping  of  vertical  fluctuations  in 
models  of  the  ACV  SKMR-1  on  calm  water  and  over  hard  screens  are  set 
forth.  From  the  drawing,  one  sees  uiat  vertical  fluctuations  over 
a  hard  screen,  dampen  faster  than  over  water,  and  the  true  period  of 
fluctuation  ever  the  hard  screen  is  less.  This  is-  explained  by  the 
great  meaning  of  the  coefficient  of  damping  of  vertical  roll  over  a 
hard  screen. 

Observations  of  vertical  rolling  in  an  ACV  on  average  choppy 
seas  also  may  profit  by  assumption  of  substitution  of  wave  systems 
with  undeformed  wayy  surfaces!,  and  subsequently  in  the  acquired 
meanings'  of  the  perturbation  forces  to  bring  about  the  correction 
factor,  taking  into  account  the  distinction  between  the  water's  sur¬ 
face  and  the  undeformed  surface. 

Then  the  equation  for. vertical  rolling  on  average  choppy  seas, 
with  the  ACV  moving  broadside  to  the  waves,  may  be  written  as 

i  I 

1  (~F  +  AM)  'y  -f  2Nyy+  ~y  =  !h.ky~coz  at,  (5! 

where  hy  -.wave  height; 

k  -  correction  factor,  taking  into  account  the  limit  of  the 
relationship  of  the  ACV's  dimensions  to  the  length  of 
the  waves.  : 


»  fTTu  v5  « 

I  ”  Time,  in  seconds 


i 

Figure  175>  Damping  of  Vertical'  Fluctuations  in  the  ACV  a,  ever 

a  hardiscreen;  b,  over  water. 

i  Analogous  to  aquation  (505),  the  solution  of  equation  (515)  may  be 
written  as 

t  -  ’  ”"f“'  • 

!  1  y  —  e*  (c[  cos  -|-c'  sin  «,/)  +  ym  cos  {at  +  e).  (516) 
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i  ! 


t 


In  such  a  form,  vertical  rolling  in  an  ACV  on  average  choppy  seas 
consists  of  free  and  forced  fluctuations.  Forced  fluctuations  occur 
with  frequency' perturbation  forces. 

In  Figures  176b  and  176c,  data  concerning  the  cycles  of  vertical 
roll  in  the  SKMR-1,  moving  broadside  to  the  waves,  is  set  forth.  An 
examination  of  the  graphs  allows, one  to  conclude  that,  at  increased 
wave  heights  the  cycles  of  vertical  roll  increase  proportionately  to 
the  wave  height.  An  increase  in  wave  lengths  also  leads  to  some  in¬ 
crease  in  cycles  of  vertical  roll,  but  up  to  a  limit:  Hie  growth  of 
speed  amplitude  of  roll  is  changed  very  little.  In  Figure  176a, 
the  curves  of  cycles  of  vertical  roll  for  a  craft  moving  at  30  knots 
and  at  various  course  angles  in  relationship  to  .waves,  as  well  as 
five  meanings  of  wave  length,  are  set  forth.  From  the  graphs  one 
sees  that,  in  moving  at  sharp  course  angles,  the  amplitudes  of  verti¬ 
cal  rolling  may  somewhat  exceed  the  amplitudes  during  movements  broad¬ 
side  to  the  waves. 


In  Figure  177,  the  relationships  of  maximum  cycles  of  vertical 
roll  to  wave  height  are  set  forth,  and  in  Figure  178  -  curves  of  the  dis¬ 
tribution  of  cycles  of  vertical  roll  in  an  experimental  craft  on  extremely 
rough  seas.  It  might  be  noted  that  maximum  cycles  of  vertical  roll  do 
not  exceed  0.6-0.65  h^. 
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Figure  177*  Relation  of  Maximum 
Sweep  Vertical  Rolls  to  Wave 
Height. 

§30.  Pitching 


Figure  178.  Uneven  Distribution 
of  Sweep  Vertical  Rolls  at  h,^  = 
=0.8  meters. 


Acting  "in  angular  fluctuations,  relative  to  the  axis  0  of  an 

ACV,  are:  inertial  moments  of  force,  including  moments  of  force  of 
the  inertial  influence  of  water  transferred  to  the  hull  on  account 
of  the  redistribution  of  air  pressure  in  the  cushion  (the  inertial 
makeup  of  resilient  forces) ;  moments  of  force  conditional  to  the  air 
cushions  (recovered  moments  proportionate  to  the  angle  of  trim  dif¬ 
ference,  and  damping  moments  proportionate  to  the  angle  of  speed  of 
the  longitudinal  fluctuations) ;  moments  of  force  from  the  interactions 
of  the  pneumatic  elements  of  the  flexible  skirts  (or  even  the  hull) 
with  the  water’s  surface;  moments  of  force  from  the  reactions  of  the 
intake  of  the  fans  and  the  escaping  air,  as  well  as  the  inertial  influence  of 
air  flowing  through  the  air  ducts  of  the  ACV;  moments  of  force  arising 
in  the  stern's  horizontal  tail  unit;  the  gyroscopic  moments  from  the 
revolutions  of  -the  screws  and  the  fans. 


As  tests  in  models  show,  pitching  in  an  ACV  influences  it  vertically, 
therefore  only  conditionally  may  the  equations  for  pitching  be  examined 
in  a  "clear"  view. 

The  equation  for  pitching  in  calm  waters  has  the  following  form: 


dM, 


(517) 


where  AJz  -  inertial  makeup  of  the  resilient  forces  of  the  air  cushions; 
2N^  -  damping-  moments; 

3M^/3t|>  <J>  -  recovered  moments. 
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The  division  of  (J  +  AJ)  in  equation  (517)  1 eads  to  the  form 
z  z 


CSJ.8) 


Equation  (518)  is  analogous  to  (502)  and  appears  equal  in  damping 
fluctuations  with' constant ' periods  and. variables  of  amplitude.  The 
solution  for  it  pay  be  written  in  the  form 


where 


fS19) 


In  Figure  179,  results  are  set  forth  for  a  basic  experiment  for  curves 
of  damping  fluctuations  in  models  of  the  ACV  SKMR-1  over  a  hard  screen 
and  in  calm  waters.  From  the  drawing  one  sees  that,  the  characteristic 
of  damping  fluctuations  in  the  models  corresponds  to  equation  (519) . 
Fluctuations  over  a  hard  screen  are  dampened  considerably  faster  than 
in  calm  waters.  The  true  period  of  fluctuation  over  a  hard  screen  is 
somewhat  less  than  the  period  in  calm  waters.  In  comparing  Figures  171, 

175  and  179,  it  may  be  noted  that  the  true  period  of  pitching  in  calm 
waters  is  larger  than  the  periods  of  side  roll  and  vertical  roll. 


a) 


b) 


I! 


1  / 

y  V  S  9 

Time,  sec 


Figure  179.  Damping  of  Fluctuations  in  the  SKMR-1,  Relative  to 

the  Transverse  Axis: 
a,  Over  a  hard  screen*  b,  over  water. 

In  examining  pitching  of  an  ACV  in  average  sea  conditions,  at  rest 
or  moving,  against  or  along  waves,  one  may  again  resort  to  the  substitu- 
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tion  of  wave  systems  with  undeformed  wavy  surfaces  and  come  up  with 
perturbation  forces  on  the  ACV  made  up  of  two  components:  basic  per¬ 
turbation  forces,  attributed  to  the  assumption  that  the  wave  is  not 
deformed  by  the  craft  (the  ACV  moves  along  the  undeformed  wavy  surface); 
hydrodynamic  perturbation  forces,  conditional  perturbation  by  intro¬ 
ducing  the  ACV  to  the  dashing  of  the  waves. 

The  perturbation  moments,  attributed  to  the  assumption  that 
the  wave  is  not  deformed  by  the  craft  and  the  length  of  the  ACV  is 
small  compared  to  the  wave  length,  then  will  equal 

^M>,  =  “pa°slno'* 

Commensurability  of  the  length  of  the  ACV  with  the  wave  length  may  be 
computed  by  introducing  the  reduction  factor  in  the  expression  for 

the  amplitude  of  perturbation  forces. 

The  hydrodynamic  composition  of  the  perturbation  forces  also  may 
be  computed  by  introducing  the  correction  factor  k2  in  the  expression 

for  the  amplitude  of  perturbation  forces. 

The  simplified  equation  for  pitching  in  normal  sea  conditions  is 
written  as 


or 


CJ. + v# + 


(520) 


$  +  2yl>  +  V  =  ao sin  ai> 


(521) 


where  k^  =  k2*x^  "  correcti°n  factor,  the  meaning  of  which  may  be 

determined  from  a  test  of  the  known  meanings  of  the  coefficients  in 
the  lift-hand  part  of  the  equations  and  the  recorded  pitch  of  the 
models.  The  coefficient  k^  depends  upon  the  quantities  of  air  expen¬ 
diture,  the  pressure  of  air  in  the  cushions  and  the  flexible  receiver, 
and  the  forms  and  dimensions  of  the  air  cushions. 

Equation  (521)  is  correct  as  long  as  the  amplitudes  of  pitching 
do  not  deviate  from  the  limits  of  the  linear  part  of  the  diagram  M  (ip)  = 
=  f(»J0.  The  solution  to  equation  (521)  may  be  presented  in  the  form 
of  the  total  free  and  forced  fluctuations 
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(522) 


t  — ■»  **  .  ’  .  , 

v  =  2  ■  (c3 cos  W.*  +  q,sin  o>4/)  +  fim  sin  (at — o^);  ' 

4 - ¥4 

V (nl-*f  +  A,y  ’ 

.  . 

.  “  y  ■  o  o  .  *  .■ 

n:  —  i‘  ■ 


True  fluctuations  of  pitching  quickly  are  eliminated  and  the  ACV 
experiences  only  forced  fluctuations,  with  periods  equal  to  the  periods 
of  perturbation  forces. 

In  Figure  180,  graphs  showing  the  cycles  of  pitch  in  the  ACV  SKMR-1 
in  normal  sea  conditions  are  set  forth.  An  examination  of  the  graphs  allows 
one  to  make  the  following  conclusions:  the  greatest  cycles  of  pitch  are 
found  in  moving  against  the  waves  (course  wave  angle  =  0°) ;  an  increase 
in  wave  height  leads  to  an  intensive  increase  in  amplitude  of  pitching; 
in  increasing  wave  lengths  to  a  certain  limit,  an  increase  in  the  ampli¬ 
tude  of  roll  occurs,  and  in  further  lengthening  of  the  waves,  the  ampli¬ 
tude  of  pitch  is  decreased.  The  greatest  amplitude  of  pitching  is 
attained  in  wave  lengths,  which  exceed  the  length  of  the  ACV  by  1.5  times 
an  increased  expenditure  of  air  leads  to  a  considerable  decrease  of 
cycles  of  pitch.  The  influence  of  the  changes  in  air  expenditure  is 
especially  perceptible  .in  moving  over  waves  of  "critical  lengths  (A  *1.5 

L  );  cycles  of  pitching  depend  on  speeds  of  movement,  but  for  waves  of 
P 

diverse  lengths  this  relationship  is  different. 

Testing  of  model  ACV's  in  a  basin  allowed  the  establishment  of  the 
linear  characteristics  of  recovered  moments  of  force  in  a  sufficiently 
wide-range  angle  of  trim  difference- in  an  ACV  with  flexible  skirts.  Con¬ 
nected  with  this  is  the  correct  applicability  of  the  probability  computations 
of  the  parameters  of  pitching  in  the  ACV  in  extremely  rough  sea  conditions. 

As  was  noted  in  §28,  making  probability  computations  of  a  problem  leads 
to  the  determination  of  the  intermediate  function  <S>,  expressed  by  the  dynamic 
reaction  of  the  craft  to  singular  harmonious  perturbation.  The  intermediate 
function  for  pitching  in  an  ACV  with  course  wave  angle  =  0°  and  without 
movement  may  be  written  in  the  form  of 


In  the  movement  of  a  craft  at  an  angle  of  <j>  toward  the  front  of  the  waves, 
the  intermediate  function  may  be  presented  relative  to 

-  ft^02C0S  f 


sV  ("2-’k)*+4vH 
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Figure  180.  Pitch  in  the  SKMR-1  in  Normal  Sea  Conditions:  a,  The  relation- 
ship  of  the  amplitude  of  roll  to  the  course  wave  angle;  b,  The  relationship 
of  the  amplitude  of  roll  to  the  output  of  the  fans;  c,  The  relationship  of 
the  amplitude  of  roll  to  wave  height;  d,  The  relationship  of  the  amplitude 
of  roll  to  speed  and  wave  length. 

According  to  Khinchin’s  theory,  the  expression  for  the  frequency  spec¬ 
trum  of  pitch  in  an  ACV,  moving  on  an  arbitrary  course  at  a  given  speed, 
may  be  written  in  the  form 

c  •  . 

y#  (525) 


where  S  (o)  -  spectrum  of  the  sea  conditions. 

According  to  the  spectrum  of  (525),  as  was  shown  above,  the  following 
may  be  computed:  dispersion  and  amplitude  of  roll  of  a  given  provision, 


amplitude  meanings  for  speed  and  accelerations  of  roll,  and  the  average 
frequencies  and  periods  of  roll. 

In  such  a  way,  from  the  results  received  from  testing  models  in  a 
basin  (.with  meanings  of  coefficients  k^,  n^,  v^)  the  probability  compu¬ 
tation  of  the  parameters  of  pitch  in  an  ACV  on  extremely  choppy  seas 
may  be  accomplished. 


Figure  181/  The  Relation¬ 
ship  of  Maximum  and  Average 
Cycles  of  Pitch  to  Course 
Wave  Angle;  1,  without 
flexible  skirts,  waves  of 
h =  0.6  meters,  V  =  25 

knots;.  2,  with  flexible  skirt 

skirts,  h  . 

’  r‘o 

waves  of  h^ 

meters,  V  ■  30  knots; 

3,  with  flexible  skirts, 

h  .  =1  meter,  waves  of 

r*o  ’ 


0.4  meters, 

0.7-1. Or 


h3S  =  1 


meter,  V  =  30- 

-35  knots;  - maximum 

cycles;  -  average 

cycles. 


Observations  show  that  pitch  in  an 
actual-size  ACV  on  extremely  choppy  seas 
has  its  own  peculiarities.  Thus,  in  moving 
in  a  private  reservoir,  with  short,  steep 
waves,  the  amplitude  of  roll  is  insignificant, 
but  the  periods  are  short  and  this  creates  an 
effect  of  constant  fluctuation. 

In  the  open  sea,  rolling  changes  con¬ 
siderably.  In  moving  over  waves  of  critical 
lengths  (X  «  1.2-2.C  L^)  with  course  wave 

angle  =  0°,  rolling  becomes  sharp,  arousing 
lassitude  and  loss  of  capacity  for  work. 
Vertical  blows  are  observed  in  some  parts. 

A  considerably  abatement  of  the  amplitude 
of  rolling  may  be  attained  with  increased 
air  expenditure.  In  great  wave  lengths, 
their  influence  is  decreased.  With  X  =  6L 
in  the  ACV,  the  waves  are  hardly  felt.  Move¬ 
ment  along  the  waves  (course  wave  angle  = 

=  180°)  is  the  smoothest,  however,  the 
control  devices  become  almost  ineffective. 

In  regard  to  the  essential  differences 
in  the  character  of:  pitch  of  an  ACV  in  a 
private  reservoir  and  on  the  open  sea,  it  is 
necessary  to  obtain  from  the  probability  com¬ 
putation's  first-rate  calculations  of  the 
spectrum  of  the  sea  conditions,  characteristic 
for  its  area,  where  the  planned  ACV  will  be 
operated. 

To  some  degree,  pitch  in  an  ACV  in 
extremely  choppy  sea  conditions  may  be 
characterized  by  that  data  set  fo^th  in 
Table  19  for  statistical  analysis,  as  well 
as  by  the  relationships  of  maximum  and  average 
cycles  to  course  wave  angle  (Figure  181)  and 
by  the  curves  for  distribution  of  the  cycles 
(Figure  182). 
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TABLE  19.  CORRELATION  TABLE  OF  DISTRIBUTION  OF  SWEEPS  AND  HALF-CYCLES 
IN  PITCHING  OF  ACV'S  G  =  -30  TONS 

_  ~  Force  and  wave  type  i,o  j».  ~w;n(j  ~  " 

_ _  Speed  and  wind  force  v  =  8-10  meters  per  second 

_ _ _  Intervals!  iff  "~™  ~~ 

Intervals  it  0-0,1  |  o.r-o.2  |  0,2-oii  1  0.3-0,-;  1  -0.4-c 


o.os 

.0,15 

1 

2 

I 

S 

5 

1 

2 

'  13 

'  0,016  ' 

0,104 

1,0008 

0,0156 

—0,125 

-0.325 

0,1800 

0,1080 

.  0,0029. 

0,0112 

0,50. 

4.95 

•0.2S 

‘  0,37 

0.03 

0,74' 

Force  and  wave  type  h3.t  -  1,0  m,  wind 


Speed  and  wind  force  v  =  8-10  meters  per  second 


Intervals  it 


0-0.1 
0. 1-0,2 
0, 2-0,3 

0.3 — 0,4 
0.4-0.6 
0,5— 0,0 
0,0— 0,7 
0, 7-0.8 
0, 8-0,0 
0,3-1, 0 
1,0-1, 1 


Speed  v.  =  60  kilometers  per  hour 


.  Course  angle  of  waves  180° 


Intervals  iff  j 

1 KASAI 

0,6-0, 7 

■0,9-1. 0 

1.10-1,1 

0,55 

0,65 

0,75 

0,85 

0.95 

1,05 

continuation  of  Table  19 


.  Force  and  wave  type-  ki!;  -  i.o  M.  wind  Greatest  sweep  -  5.80 


Speed  and  wind  force'  v  =  8*10  meters/second  1  Greatest  half- cycle  \  - 6  seconds 


Intervals  at  i 

pt.t 

t_Spt-* 

pt(trrpt.t)» 

.*« 

1 

3.‘ 

4 

s 

<  . 

7 

•  ' 

9 

0-0.1 

0. 1—0,2 
'  0,2— 0,3 

0,3 — 0.4 

0.4 — 0.5 

0.5— 0,6 

0,6— 0.7 

0,7— 0,8- 
0.8-0, 9 

0.9— 1.0 

I.O-J.I  . 

0,05 

0.15 

0,25 

0.85. 

■  0,45 

0.55 

0.65 

0,75 

0.85 

0.95 

!.0S 

0.0X4 

0.012 

0/636 

0.0900 

0.1430 

0,1510 

0.0560 

0,0408 

0.0015 

0.01(8 

-0.504 
-0,404  . 
— 0,204 
-0,204 
-0.104 
-0.004 
0,098 
.  0.198 
0,796- 
0,396 

-0.2540 
0.1740 
0.0930 
0,0418  . 
0.0108 
-  0.00002 
0,0093 
0,0386 
0,0680 
0,157 

0.0041 

0,0084 

0,0069 

0,0063 

0,0023 

0.0007 

0,0019 

0.0014 

0,0025 

0.80 

1,50 

3.00, 

9.75 

16.40 

16,35 

4.30 

3.30 

1.30 
K00 

0,25 

0.25 

O.sfS 

o.ae 

0.51 

0,57 

0,48 

0.5S 

0,65 

0,50 

0,05 

0.38 

1,05 

4.40 

9,15 

10.85 

3.22- 

2,60* 

1.23 

1.06 

'* 

0,847' 

1 

1 

8.0390 

33,0 

Ph  ■ 
ph.h 

H-Vph.H  , 

.  (h-*ph.h)X 
Pn{t!--PfrH)  * 

2  (*'"«) 

II  - 
HI 

IV 

V 

VI 

V\  1 

VIII 

IX 

Parameters  of  distribution 

Average  meaning 

Dispersion 

Coefficient  variance 

1  '  ’■ 

Sweep  H 

7?'- 2.75 

On-  1.58 

Half- cycles 

3,30  t*K 

Dx  -  1.40 

UT  —  0.38 

Coefficient  correlations 

These  statistical  relationships  are  set  forth  for  ACVs  with 
displacements  of  approximately  30  tons  and  are  attributed  to  tests  made 
in  high  waves  with  3%  provision,  equal  to  0. 8-1.0  meters. 

Of  interest  is  the  equation  for  the  parameters  of  roll  in  an  ACV 
without  flexible  skirts  and  with  skirts  of  various  heights.  A  craft 
without  flexible  skirts,  even  in  moving  over  calm  waters  at  a  set  rate 
of  speed,  had  pitching  with  cycles  of  3-4°,  accompanied  by  damping  in  the 
air  cushions  of  the  blows  to  the  hull  by  the  water.  At  increased  speeds, 
the  roll  vanished.  In  conditions  of  very  little  choppiness,  rates  of 
movement  along  the  waves  were  shown  to  be  highly  unfavorable  for  a  craft 
without  flexible  skirts  when,  at  insignificant  speeds,  the  frequency  of 
perturbation  was  close  to  the  true  frequency  and  the  craft  experienced  a 
drop  in  resonance,  accompanied  by  partial  blows  to  the  bow  extremity  by 
the  water,  Installation  of  flexible  skirts,  even  at  small  heights 
(up  to  0.5  meters)  led  to  considerable  decreases  in  pitching  in  highly 
choppy  sea  conditions.  In  moving  over  gently  sloping  and  long  waves, 
the  characteristics  of  roll  were  different  from  those  in  highly  choppy 
sea  conditions.  In  moving  against  waves  with  lengths  of  \  ■=  1.2-1. 5  tp 

and  within  a  fixed  range  of  speed,  the  launch  fell  sharply  in  rate  of 
resonance  of  pitching  with  great'sweeps  and  often  by  actions  of  con¬ 
siderable  vertical  accelerations.  In  moving  along  the  waves,  the  craft 
went  smoothly,  not  falling  in  rate  of  resonance. 
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Figure  182.  Curves  of  the  Distribution  of  Cycles  of  Pitching,  Course 
Wave  Angle  =0°. 

1,  Without  flexible  skirts,  waves  of  h^  =  0.6  meters,  V  =  25  knots; 

2,  With  flexible  skirts,  h  .  =  0.4  meters,  waves  of  h_g,  =  0.7"1.0 

n.  o  3? 

meters,  V  »  30  knots;  3,  With  flexible  skirts,  h  .  =1  meter,  waves 

of  h^  =  1  meter,  V  =  30-35  knots.  r  ° 


By  further  increasing  the  height  of  the  flexible  skirts  (up  to 
1  meter) ,  the  characteristic  of  pitching  in'  extremely  choppy  sea  condi¬ 
tions  did  not  change,  but  the  vertical! accelerations  were  decreased 
appreciably.  The  greatest  amplitudes  of  pitching  are  observed  in 
moving  against  waves  at  low  speeds.  The  cycles  of  pitch  may  reach 
15-18°  in  this  case.  At  increased  speeds,  the  rolling  becomes  less 
intensive  with  the  cycles  not  exceeding  5°. 


In  moving  along  the  waves,  the  cycles  of  rolling  are  considerably 
less,  however,  poor  construction  of  the  bow  elements  of  the  flexible  skirts 
nay  lead  to  the  "bending  under"  or  buckling"  of  these  elements  which 
in  turn,  leads  to  a  quick  increase  to  trim  difference  in  the  bow  of 
dangerous  proportions  (loss  of  longitudinal  stability).  Buckling  of 
the  bow  elements  of  the  flexible  skirts  may  also  occur  in  moving  against 
the  waves  at  high  speeds  when  the  elements,  bent  under  by  the  waves, 
do  not  have  time  to  smooth  out  before  the  approach  of  the  next  wave. 

In  order  to  avoid  this,  constructive  measures  must  be  provided  for 
eliminating  the  possibility  of  the  bow  elements  buckling  anywhere  in 
the  speed  range  and  the  centering  of  the  ACV  in  moving  both  on  calm 
waters  and  in  choppy  sea  conditions. 

Division  of  vertical  rolling  and  pitching  of  an  ACV  and  examination 
of  them,  independent  of  each  other,  is  possible  only  to  the  first  approxi¬ 
mation.  Large  angles  of  trim  difference  usually  reveal  a  loss  of  lift 
forces  and,  as  a  result,  a  decrease  in  lift  height,  as  well  as  a  shift 
of  the  center  of  gravity  in  the  ACV.  Thus,  pitching  is  effected  vertically 
as  a  rule,  and  it  is  more  correct,  therefore,  to  examine  longitudinal 
rolling  of  an  ACV,  determined  by  the  equation: 
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y'=-fku  -j£cos  & 


dh 

(^  +  ^)^+2^  +  -^^  =  -irVocos(3/”^) 


Calculations  of  the  parameters  of  longitudinal  rolling  and  their 
amplitude- frequency  and  phase- frequency  characteristics  may  be  accomplished 
on* the  basis  of  the  experimental  data  acquired  in  the  testing  of  models. 

First,  a  tew  words  about  the  problem  of  stabilization  of  an  ACV 
in  choppy  sea  conditions.  The  statistics  concerning  the  parameters  of 
rolling  in  an  ACV  -are  set  forth  above  and  are  convincing  enough  to  prove 
that  an  air  cushion  vehicle,  moving  in  choppy  sea  conditions,  experiences 
intensive  side  and  longitudinal  rolling.  It  is  entirely  logical' that  a 
statement  of  the  problems  of  restraining  roll  in  an  ACV  should  arise  in 
connection  with  this. 

There  are  three  known  methods  for  stabilization  of  craft:  con¬ 
structive  stabilization,  attained  by  the  selection  of  rational  dimensions 
and  forms;  natural  stabilization,  ensured  by  maneuvering  the  craft  (by 
changing  the  speed  and  course  angle);  and  artificial  stabilization  or 
the  calming  of  roll. 

Constructive  stabilization  of  an  ACV,  to  a  great  degree,  depends 
on  the  dimensions  of  the  craft,  its  displacement,  the  height  and  con¬ 
struction  of  the  flexible  skirts,  as  well  as  the  means  of  sectioning 
the  cushions  and  the  volume  of  air  expenditure.  The  range  of  variance 
of  these  elements  and  the  parameters  in  the  design  are  highly  limited, 
therefore,  constructive  stabilization  also  has  limited  possibilities.  The 
most  reliable  way  of' resolving  the  problem  is  the  calming  of  roll. 

Calming  of  roll  in  an  ACV  does  not  exist  in  the  navigation  and  building 
of  the  craft,  however,  familiarization  with  patent  information  provides  a 
basis  for  maintaining  that  the  problems  of  stabilization  for  ACV's  are 
being  studied  seriously. 

In  accordance  with  classification  [58] ,  calming  of  roll  is  divided 
into:  active  or  passive,  in  relation  to  the  possibilities  of  their 
control  .and  their  consumption  of  external  energy;  gravitational,  hydro- 
dynamic,  and  gyroscopic  -  in  relation  to  the  source  of  forces  implementing 
the  stabilization;  damping  (increase  of  damping  forces),  equilizing 
(balancing  of  perturbation  forces),  and  frequency  (change  in  frequency  of 
free  fluctuations  of  the  craft)  -  in  relation  to  the  change  in  receptivity 
of  the  craft  to  perturbation;  and  calming  of  side  and  vertical  rolling  and 
pitching  -  in  relation  to  the  planes  of  activity. 

It  may  be  assumed  that,  in  ACV's,  there  are  applications  for  active 
and,  to  a  lesser  degree,  passive  calming  of  roll.  It  is  unlikely  that  a 
use  for  gravitational  calming,  utilizing  liquid  tanks,  will  arise.  The 
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greatest  prospect,  apparently,  is  the  use  of  the  following  means  of 
calming  rolling: 

1)  Aerodynamical ly  controlled  horizontal  rudders,  prescribed  for 
air  screws  and  working  in  the  stream  of  air  from  the  screws.  In  symmetry, 
relatively  diametric  planed  aerodynamic  rudders  are  able  tr  ensure  effective 
restraint  of  side  rolling.  In  placing  the  aerodynamic  rudders  in  the 
stem,  they  may  also  be  used  for  first-rate  calming  of  pitch. 

Aerodynamic  horizontal  rudders,  in  rational  dispositions  uid  in 
keeping  with  a  system  of  control,  may  become  universal  calmii^  agents, 
ensuring  the  restraint  of  cycles  of  side  rolling  and  pitching. 

2)  Calming  of  roll,  based  on  the  regulation  of  pressure  in  various 
sections,  of  the  air. cushions.  Regulation  of  the  feeding  of  air  from  the 
fans  to  the  sections  of  the  air  cushions  may  create  recovered  moments, 
compensating  moments "of  external  forces  acting  both  in  longitudinal 

and  transverse  planes. 

This  type  of  calming  agent1  appears  universal  and- also 
provides  for  restraint  of  side  rolling  and  pitching.  The  basis  for  its 
advantage  appears  to  be  its  use  in  first-rate  operation  of  an  established 
supercharger.  Externa?  energy  is  required  only  for  the  drive  of  the 
regulating  damper  in  the  air-distribution  ducts. 

3)  Hydrodynamic  .calming  of  roll  -.controlled  or  uncontrolled  rudders, 
appearing  as  foils  of  small  lengths,  working  in  the  running  stream  of 
liquid.  These  calming  agents  may  be  used  in  special  ACV  combined  schemes, 
with  the  basic  part  of  the  lift  forces  used  for  creating  the  air  cushions 
and  the  foil  system  used  for  improving  stability  in  moving  and  abatement 
'of  roll. 

Hydrodynamic  cilming  agents  for  rolling  may  also  be  applied  to  ACV's 
in  Class  B,  with  their  drive  placed  in  the  side  of  the  craft.  In  this 
case,  the  design  of  the  rudder  may  be  close  to  that  of  the  side  rudder 
in  displacement-type  craft. 

It  is  expected  that,  in  the  next  few  years,  stabilization  of  ACV's 
will  be  given  a  great  deal  of  attention. 

§31.  Increase  in  Resistance  and  Decrease  in  Speed  in  Moving  Over  Waves 

An  increase  in  resistance,  while  moving  in  choppy. sea  conditions, 
depends  on  the  interaction  of  the  ACV's  hull  and  its  flexible  skirts  coming 
into  contact  with  waves,  as  well  as  the  circumstance  of  the  reactive 
composition  of  the  resistance  to  movement  (appearing  in  the  form  of  horizon¬ 
tal  projection  of  the  resultant  pressure  of  air  on  the  bottom)  with  great 
cycles  of  pitch  periodically  changing  the  mark,  determining  the  irregularity 


^e  first  of  this  type  of  calming  agent  fo^  rolling  in  an  ACV  was  proposed 
by  Yu.  Yu.  Benya.  Also,  see  the  French  patent  classification  B60  #1476633, 
1967. 
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of  translational  movement.  The  interaction  of  the  ACV's  rigid  hull 
with  the  waves  may  occur  in  moving  over  waves  of  great  height  or  in 
undergoing  a  drop  in  resonance  of  rolling,  as  is  the  case  also  when, 
because  of  the  flexible  skirts'  small  heights,  their  design  is  a 
failure  or  due  to  insufficient  output  of  the  craft's  fans  while 
passiqg  over  waves,  "losing"  the  cushion  and  causing  escape  of  air 
along  the  perimeter  and  especially:  in  the  area  at  the  foot  of  the  waves, 
considerably  exceed' the  quantity  of  air  b.eing  received  from  the  fans.  : 
In  such. cases,  strong  blows  are  possible  on  the  hull  from  the  water's 
surface  and  a  sharp  increase  in  resistance  to  movement. 

'  ,  t 

The  height  of  the  flexible  skirts  and  the  output  of  the  fans  are 
selected  for  a  design,  with  such  calculations  which  exclude-  blows  oh 
the  hull  by  water  and  its  .interaction  with  waves  in  given  sea  conditions. 
Then  an  increase  in-  resistance  occurs  only  by  interactions  of  the  flexible 
skirts  with  waves  and  the  characteristic  influence  of  the  reactive  com-  . 
position.  1  .  ! 

i 

Moving  in  choppy  sea  conditions,  the  flexible  skirts  are  deformed 
elastically  under  the  action  of  the  waves.  It  is  practically  impossible 
to  avoid  mechanicai  contact  of  the  flexiblq  skirts  with  therwaves,  but  ■ 
with  the  right  design  jit  is  possible  to  significantly  decrease  the  arising 
of  such  interacting  forces  of  resistance  to  movement.  •Theoretically, 
resistance  arising  from  the  interaction  of  the  flexible  skirts  with  the 
water  isn't  determined,  therefore,  during  planning  this  resistance  is 
considered  as  made  up  of  the  remaining  hydrodynamic  resistance,  evaluated 
in  the  transition  from  models  :to  actual  ACV'fe  according  to  the  law  of  1 
mechanical  similarities  in  equalities*  of  Froude .numbers, 

i 

In  related  cases]  with  sufficient  experimental  material  on  hand, 
one  my  single  out  the  resistance  of  interactions  between  t'he  flexible 
skirt-  >*.rd  the  water  from  the  overall  resistance.  Thus,  in  1964-65 -bn 
the  basis  of  testing  the  VA-3  ACV,  the  Republic  firm  set  forth  the  em¬ 
pirical  formula  for  determining  the-  coefficient  of  resistance  to  the 
flexible  skirts 


c-,.  =  6-6{-7Tj 


The  formula  was  suitable  in  'conditions  of 


0,005<f  <-L£.  „  A<0,1,| 


where  hy  -  wave  height,  in  meters;*  ? 

t  -  midpoint  clearance  between  the  flexible  skirts  and  the  screen, 
in  meters;  ,  :  > 

Lp  -  length  of' air, cushions,  in  meters. 
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of  translational  movement.  -The  interaction  of  the  ACV's  rigid  hull 
with  the  waves :may  occur  in  mbvingsover  waves  of  great  height  or  in 
undergoing  a  drop  in  resonance  of  rolling,  as  is  the  case  also  when, 
because  of  the  flexible;  skirts'  small  heights,  their  design  is  a 
failure  or  due  to  insufficient  output  of  the  craft's  fans  while 
passing  over  waves,  ;"losing"Jthe  clxshion  and  causing  escape  of  air 
along  the  perimeter  and  especially  in  the  area  at  the  foot  of  the  waves, 
considerably  exceed  the  quantity  of  air  being  received  from  the  fans. 

In  stich, cases,  strong  blows  are  possible  on  the  hull  from  the  water's 
surface  and  a  sharp  increase  in  resistance  to  movement. 

!  I 

The  height  of  the  flexible  skirts  and  the  output  of  the  fans  are 
selected  for  a  design,  with  such  calculations  which  exclude  blows  on 
the  hull  by  water  and: its  nteraction  with  waves  in  given  sea  conditions. 
Then  an  increase  in  resistance  occurs  only  by  interactions  of  the  flexible 
skirts  with  waves  and  the  characteristic  influence  of  the  reactive  com¬ 
position.  ’  !  : 

l 

Moving  in-  choppy  sea  conditions,  the  flexible  skirts  are  deformed 
elastically  under  the  action  of  the  waves.  It  is  practically  impossible 
to  avoid ’mechanical  contact  of  the  flexible  skirts  with  the  waves,  but 
with  the  right. Vies.ign  it  is  possible  to  significantly  decrease  the  arising 
of  such  interacting  forces  of  resistance  to  movement.  Theoretically, 
resistance  arising  from  the  interaction  of  the  flexible  skirts  with  the 
water  isn't  determined,  therefore,  during  planning  this  resistance  is 
considered  as  made  up  of  the  remaining  hydrodynamic  resistance,  evaluated 
in  the  transition  from  models  to  actual  ACV's  according  to  the  law  of 
mechanical,  similarities  ill  equalities  of  Froude  numbers. 

In  isolated  cases,.:with  sufficient  experimental  material  on  hand, 
one  may  single  out  the  resistance  of  interactions  between  the  flexible 
skirts  and  the  water  from  the  overall  resistance.  Thus,  in  1964-65  on 
the  basis  of  testing  the  VA-3  ACV,'  the  Republic  firm  set  forth  the  em¬ 
pirical' formula  for  determining  the  coefficient  of  resistance  to  the 
flexible  skirts 
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The  formula  was  suitable  in  conditions  of 


0,005  <  y-  < '“  -p-  H  —  <  0,1, 

**n  *  **n  L*n 


whfere  hy  -  wave  height,  in  meters; 

tj  -  midpoint  .clearance  between  the  flexible  skirts  and  the  screen, 
in  meters; 

.  L  -  length  of  air  cushions,  in  meters. 

1  Pi 


*1 


For  the  VA-3  L  =  15  meters,  t  =  0.02  meters,  and  h  =1.0  meters 
p  *  v 

c  =  0.25.  'Die  speed  of  the  VA-3  equalled  115  kilometers  per  hour 

xr*o 


(31  meters  per  second) ,  corresponding  to  an  increase  in  the  forces  of 
resistance  of  1170  kilograms. 


In  research  for  designing  of  a  foreign  ACV,  another  formula  was 
applied 


where  Fr  -  Froude  number; 

Pp  -  pressure  in  the  air  cushion, 

G  -  weight  of  the  ACV,  in  tons; 


in  foot  pounds2; 


Lp  -  ‘length  of  air  cushions,  in  feet; 
hv  -  wave  height  in  feet. 


Resistance  to  movement  of  an  ACV  on  choppy  seas  depends  on  the  length 
and  height  of  the  waves,  the  course  angle,  the  speed,  and  quantity  of  air 
expenditure.  In  Figure  183,  the  relation  of  resistance  in  the  SKMR-1  ACV 
in  average  sea  conditions  to  the  calculated  parameters  (obtained  as  a  re¬ 
sult  of  tests  made  in  a  basin)  is  set  forth.  An  examination  of  this  rela¬ 
tionship  allows  one  to  make  the  following  conclusions:  a  sharp  increase 
in  resistance  occurs  in  moving  against  waves  and  at  sharp  course  angles; 
the  greatest  amount  of  resistance  comes  in  moving  waves  with  lengths  of 
A  =  1-2  Lpj  by  increasing  the  wave  length,  the  resistance  to  moving  is 

decreased  and  becomes  roughly  equa?  to  the  resistance  encountered  in 
moving  broadside  to  the  waves;  in  moving  over  waves,  where  A  =  1-2  L^, 

resistance  increases  intensively  at  increased  speeds;  an  increase  in  wave 
heigivt  leads  to  proportionate  growth  of  resistance;  an  increase  in  air 
expenditure  permits  a  sharp  decrease  in  resistance  to  movement  on  choppy 
seas. 


Resistance  to  movement  on  choppy  seas,  to  a  great  degree,  depends  on  both 
the  construction  of  the  flexible  skirts  and  the  centering  in  the  ACV.  In 
Figure  184,  designs  for  experimental  ACV’s  with  relatipnships  cf  relative 
additional  resistance  on  choppy  seas  to  wave  heights  at  various  Froude 
numbers  are  set  forth.  These  relationship  are  characteristic  only  for  a 
definite  design  of  flexible  skirts,  a  definite  volume  of  air  expenditure, 
and  where  the  relationship  of  pressure  in  the  flexible  receive?  to  the 
pressure  in  the  cushion  is  ~1.2. 

An  increase  in  resistance  leads  to  significantly  lower  speeds  in  choppy 
sea  conditions. 
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Figure  1.83 •  Relationship  of  Resistance  to  Movement  in  the  SKMR-1  on 
Choppy  Seas  to  Various  Parameters:  a,  to  course  wave  angle;  b,  to 
the  output  of.  the  fans  and  speed;  c,  to  wave  length  and  speea. 
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Figure. 184.  Relationship  of  Rela¬ 
tive  Additional  Resistance  in  Choppy 
Sea  Conditions  to  Wave  Height  and 


Figure  185.  Seaworthiness 
Air  Cushion  Vehicles. 


Set  forth  in  Figure  185  are  the  relationships  of  speed  of  an  ACV 
to  the  intensity  of  choppy  sea  conditions,  showing  that,  in  State  3  sea 
conditions,  speed  in  the  SRN5  and  SRN6  drops  20-30%.  In  State  3-4  sea 
conditions,  speed  in  the  SRN4  (largest  of  the  foreign  ACV's)  also  is 
lowered  considerably. 

In  Figure  186a,  the  relationships  of  resistance  in  moving  to 
speed  .and  wave  height  are  set  forth,  calculated  for  prospectiye  ACV's 
with  displacements  of  1000  tons,  and  in  Figure  186b  the  relationships 
of  resistance  for  prospective  ACV's  with  displacements  of  up  to  10,000  tons. 

§32.  Vertical- Accelerations  Which  Act  on  ACV's  in  Moving  Over  Waves 

In  moving  over  even  short  waves,  making  up  only  part  of  the  length 
of  the  air  cushions,  ACV's  are  tested  for  the  influence  of  acceleration 
of  small  amplitudes  and  large  frequencies.  The  air  cushion,  as  was  men¬ 
tioned,  must  dampen  small  perturbations  and  absorb  the  accelerations  of 
small  amplitudes,  transferring  them  to  the  hull.  This  somewhat  unexpected 
phenomenon  was  explained  by  Cockerell  [64]. 

We  observe,  for  example,  movement  of  the  craft  at  right  angles,  when 
the  pressure  of  the  cushion  consists  of  300  kilograms  force  per  meter2. 

The  craft  is  moving  against  waves  with  lengths  of  X  =  0.4  L^.  One  moment 

there  .might  be  three  crests  and  two  feet  of  waves  along  the  air  cushion 
under  the  craft,  and  the  next  moment  of  wave  system  might  consist  of  two 
crests  and  three  feet.  If,  during  this  shift,  the  volume  in  the  cushions 
is  changed  only  by  1%,  then  this  leads  to  a  change  of  absolute  pressure  in 
the  cushions  of  1%  (we  compute  the  contour  of  the  air  cushions  with  reserve), 
i.e.  by  106  kilograms  force/meter2  10330  +  300/100.  But  106  kilograms  force/ 
/meter2  consists  of  1/3  the  pressure  in  the  cushion,  and  the  appearance  of 
this  pressure  leads  to  accelerations  arising  and  acting  on  the  craft,  equal 
to  1/5  G.  By  changing  the  form  of  the  ACV,  making  the  transition  from  a 
right-angled  to  a  sharp  bow  extremity  and  rounded  stern,  perceptibility  of 
the  craft  to  perturbation,  giving  rise  to  short  waves,  is  decreased.  In 
moving  over  longer  waves,  the  changes  in  volume  of  the  air  cushions  is  some 
instances  may  be  great,  and  the  accelerations  increase.  Accelerations, 
acting  on  an  ACV,  depend  on  not  only  changes  in  volume  of  the  cushions  and, 
subsequently,  pressure,  but  also  on  the  parameters  of  longitudinal  roll. 

As  is  known,  there  are  physiological  thresholds  for  sensations  of 
accelerations  of  roll,  when  a  person  begins  to  develop  symptoms  of  sea¬ 
sickness  which  grow  progressively  worse.  Usually,  intensive  seasickness 
‘develops  during  vertical  accelerations  of  more  than  0.1G  and  rotary  accelera¬ 
tions  of  more  than  3°  per  second2.  The  quantity  of  possible  vertical 
accelerations  is  set  in  relation  to  the  extent  of  the  route  and  frequency  of 
accelerations.  In  England,  the  possible  level  of  accelerations  for  a  passen¬ 
ger  ACV  were  equal  to  0.1  G  at  a  frequency  of  2  hertz  and  not  more  than  0.2  G 
at  a  frequency  of  less  than  1  hertz.  If  the  extent  of  the  route  does  not 
exceed  8  miles,  possible  vertical  accelerations  are  calculated  up  to  2  G's. 
For  military-type  ACV's,  the  possible  level  of  accelerations  may  also  be 
raised  up  to  2  G's. 
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Figure  i 86.  Relationship  of  Resistance  in  Moving  of  Prospective  Class  B 
ACV's  to  ,/ave  Height  and  Speed. 

a..  An  ACV  with  displacement  of  1000  tons,  b,  An-ACV  with  displacement  of 
from  1000  to  10,000  tons. 

The  prospect  of  passenger  air  cushion  vehicles,  to  a  great  degree, 
depends  on  the  successful  resolution  of  the  problem  of  rolling  in  these 
craft  and  the  ensuring  of  normal  accelerations,  making  for  conditions  of 
comfort.  In  England,  in  connection  with  this,  investigations  were  carried 
out  concerning  the  relationships  of  accelerations  to  the  displacements  and 
dimensions  of  craft,  heights  of  the  flexible  skirts,  power  of  the  fans, 
and  speed  [64J .  The  results  of  these  investigations  are  set  forth  in 
Figure  187,  as  well  as  Figure  188-192. 

In  Figure  187,  the  lift  height  of  the  hull's  bottom  from  the  base 
surface,  in  relation  to  speed  and  parameters  of  waves  in  conditions  where 
vertical  accelerations  of  the  ACV  mpst  not  exceed  0.5  G,  is  shown. 

It  may  be  concluded  that,  to  ensure  a  given  level  of  accelerations, 
the  minimum  lift  height  in  moving  over  any  waves  with  lengths  up  to  300 
meters  must  be  3  meters  at  speeds  of  100  knots,  1.8  meters  at  speeds  of  50 
knots,  and  1.2  meters  at  speeds  of  25  knots.  Just  as  in  conditions  for 
ensuring  stability  the  lift  height  may  not  exceed  1/6  the  width  of  the  ACV, 
then  the  heights  of  3,  1.8,  and  1.2  meters  will  correspond  to  the  width  of 
the  ACV  accordingly  -  18,  11,  and  7.2  meters.  In  a  first-rate  ACV  prototype 
with  regard  to  L:B  =  2,  it  is  not  difficult  to  determine  the  length  of  the 
ACV  and,  according  to  law,  subsequently  to  find  the  similarities  and  displace 
ment. 
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Figure  187.  Lift  Height  of  the  ACV's  Hull  from  the  Water's  Surface, 
Necessary  to  Ensure  Normal  Accelerations  W  <  0.5  G's. 

• 

As  a  result,  it  was  established  that  a  permissible  level  of  vertical 
accelerations  of  roll  of  0.5  G  may  be  ensured:  at  speeds  up  to  100  knots 
for  ACV's  with  displacements  of  250  tons 'at  lift  heights  of  3  meters;  at 
speeds  up  to  50  knots  for  ACV's  with  displacements  of  60  tons  at  lift 
heights  of  1.8  meters;  and  at  speeds  up  to  25  knots  for  ACV's  with  displace¬ 
ments  of  20  tons  at  lift  heights  of  1.2  meters. 
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Figure  188.  Lift  Height  of  the  Hull  of  an  ACV ‘front  the  Water's  Surface, 
Necessary  to  Ensure  Normal  Accelerations  W<0.1  G's. 
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In  Figure  188,  the  relationships  are  the  calculated  results  of  the 
possible  level  of  accelerations  of  0.1  G's.  In  ACV's  with  displacements 
of  over  1000  tons,  this  level  of  accelerations  may  be  ensured  at  speeds  up 
to  100  knots  with  lift  heights  of  the  hulls  above  5  meters;  in  ACV's  with 
displacements  of  more  than  500  tons  -  at  speeds  up  to  50  knots  with  lift 
heights  of  about  4  meters;  and  in  ACV's  with  displacements  of  about  150 
tons  -  at  speeds  of  25  knots. 


However,  to  reach  given  levels  of  vertical  accelerations,  it  isn't 
enough  to  select  the  dimensions  of  the  ACV  and  the  lift  height  in  accordance 
with  the  recommendations  set  forth  in  Figures  187  and  188. 


The  form  of  the  hull,  the  internal  air  ducts,  the  correlation  of 
pressure  in  the  receiver  and  in  the  cushion,  and  the  design  and  materials 
of  the  flexible  skirts  must  be  selected  so  as  to  ensure  sufficient  rigidity 
and,  at  the  same  time,  pliability  of  all  lift  systems.  What  ’is  really  impor¬ 
tant,  is  ensuring  a  sufficiently  large  volume  of  air  expenditure  to  com¬ 
pensate  for  the  loss  during  rolling. 


Figure  189.  Relationship  of  Rela¬ 
tive  Air  Expenditure  to  Displacement 
of  the  Craft. 


0.004  L  .  For  ACV's  with  transverse 
P 


In  the  first  stage  of  designing 
an  ACV,  the  volume  of  air  expenditure 
was  determined  as  a  result  of  ensuring 
better  quality  of  operation  of  the  craft 
over  calm  waters. 

As  was  mentioned  in  Chapter  IV, 
the  curve  in  the  relationship  of  the 
resistance  to  movement  of  a  craft  over 
calm  waters  to  the  expenditure  of  air 
has  its  own  optimum.  Experimentally, 
it  was  established  that  this  optimum, 
for  an  ACV  with  flexible  skirts  (where 
the  flexible  jet  conforms  to  the  mid¬ 
point  of  the  perimeter) ,  in  quantity 
of  clearance  between  the  base  surface 
and  the  flexible  skirts  was  equal  to 
open-formation  elements,  the  optimum 


relative  quantity  of  clearance  to  the  bottom  of  the  ACV  may  prove  considerably 
less,  therefore,  to  ensure  first-?rate  operation  of  the  ACV  it  is  not  necessary 
to  increase  the  clearance  to  increase  displacement. 


Following  the  selection  of  the  force-pump  equipment,  it  then  becomes 
necessary  to  ensure  the  volume  of  air  expenditure  to  meet  the  conditions 
of  seaworthiness.  This  expenditure  must  be  sufficient  to  compensate  the 
periodic  escape  of  air  during  rolling  of  the  ACV, 


In  Figure  189,  data  is  set  forth,  characterizing  the  volume  of  air 
expenditure  for  ACV's  of  various  displacements.  It  may  be  noted  that, 
non-dimensional  parameters  are  themselves,  in  the  relationship  of  the 
volume  of  air  expended  to  the  volume  of  the  air  cushions,  divided  into 
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periods  of  true  vertical  fluctuations  of  the  ACV,  independent  of  the  dis¬ 
placement.  The  greatest  volume  of  air  expenditure  may  be  determined  by  the 
following  formula: 


Q=l>5SA.o^|/ ; ^~0,75SnVK.a,  M'/ceK.  • 


(527). 


Investigations,  carried  out  in  England,  permitted  the  establishment  of 
the  relationships  between  the  output  of  the  fans  and  the  level  of  vertical 
accelerations  in  the  movement  of  an  ACV  in  various  sea  conditions  at  various 
speeds . 


Figure  190.  Specific  Power  of  the  Fans  of  an  ACV,  Necessary  to  Ensure  a 
Given  Level  of  Normal  Accelerations  in  Moving  at  a  Speed  of  50  Knots. 

-  accelerations  W  <  0.1  G's; 

- accelerations  W  ^  0.5  G's’. 

These  relationships  are  set  forth  in  Figures  190  and  191,  and  an  examina 
tion  of  them  allows  one  to  make  the  following  conclusions:  at  speeds  of  50 
knots,  for  craft  with  cushions  about  40  meters  in  length  and  displacements 
of  about  250  tons,  the  accelerations  do  not  exceed  0.5  G'sii'f  the  specific 
power  of  the  fans  is  40  h.p.  per  ton;  to  ensure  accelerations  of  0.1  G's, 
it  is  necessary  to  increase  the  specific  power  of  the  fans  to  65  h.p.  per 
ton;  for  craft  with  displacements  of  about  2000vtons  and  cushion  lengths 
of  about  80  meters,  the  specific  power  of  the  fans  decreases  accordingly 
to  20  and  45  h.p.  per  ton;  at  speeds  of  100  knots,  the  specific  power  of 
the  fans  needed  to  ensure  a  given  level  of  accelerations  sharply  increases  - 
-  100-120  h.p.  per  ton  for  an  ACV  with  a  length  of  about  40  meters  (  G  = 

=  250  tons)  and  60-90  h.p.  per  ton  for  one  with  a  length  of  about  80  meters 

(G  =  2000  tons). 

It  is  quite  obvious  that  the  power  of  the  fans,  necessary  to  ensure 
a  given,  level  of  vertical  accelerations  at  speeds  of  100  knots,  is  beyond 
technical  means.  In  an  ACV,  at  such  speeds,  only  a  considerably  small 
specific  power  of  the  fans  would  be  provided  and,  consequently,  the  ACV 
would  be  restricted  to  speeds  in  relationship  to  intensity  of  sea  conditions. 


-409- 


One  cannot  help  hut  note  that  the  characteristics  of  the  fans'  power, 
necessary  to  ensure  vertical  accelerations  for  the  ACV  and  not  exceeding 
0.5  G's  (Figure  190),  even  at  speeds  of  50  knots  prove  to  be  higher  than 
those  received  in  practical  designs. 

Thus,  the  specific  power  of  the  fans  installed  on  the  English  SRN6 
and  SRN4,  are,  respectively,  28  h.p.  per  ton  and  25-40  h-.p.  per  ton. 


wave  lengths,  in  m 

Figure  191.  Specif fc  Power  of  the  Fans  of  an  ACV,  Necessary  to  Ensure  a 
Given  Level  of  Normal  Accelerations  in  Moving  at  a  Speed  of  100  Knots. 

...  ,  ...  ■—accelerations  W*S0.1  G's; 

-  accelerations  W  ^  0. 5  G's. 

Considering  that  the  specific  power,  necessary  to  ensure  a  givenllevel 
of  accelerations,  is  decreased  with  the  increase  of  linear  measurements  of 
the  ACV,  it  is  possible  to  compute  the  power  of  the  fans  required  for  an 
ACV.  This  would  consist  of  about  60  h.p.  per  ton  for  the  SRN6  and  about 
50  h.p.  per  ton  for  the  SRN4. 

However,  this  substantial  decrease,  according  to  the  equation  from  the 
calculations  for  ensuring  accelerations  W  <  0.5  G's,  did  not  lead  to  a 
significant  deterioration  in  seaworthiness  of  the  SRN6  and  SRN4.  In  connection 
with  these  relationships,  set  forth  in  Figures  190-191,  it  is  possible  to 
observe  the  desirable-maximum. 

Using  the  law  of  similarities,  and  based  on  data  from  testing  model 
ACV's  on  extremely  choppy  seas,  it  is  possible  to  predict  the  seaworthy 
capabilities  of  prospective  ACV's.  Such  investigations  were  conducted  in 
England,  and  they  permitted  the  establishment  of  the  relationship  of  sea¬ 
worthiness  in  ACV's  to  displacements  and  speeds  with  a  permissible  level 
of  vertical  accelerations  of  0.5  G's  and  an  energy  supply  of  about  100  h.p. 
per  ton  (Figure  192). 


An  examination  of  these  relationships  allows  one  to  make  the  following 
conclusions:  at  a  given  level  of  permissible  accelerations  for  ACV's  with 
displacements  up  to  120  tons,  it  is  possible  to  go  to  sea  in  sea  conditions 
up  to  State  4  inclusive:  in  more  intensive  sea  conditions  (State  5) ,  their 
being  at  sea  is  permissible  in  conditions  of  safety,  but  the  level  of  verti¬ 
cal  accelerations  for  this  exceeds  O.S.'GJs;  craft  with  displacements  of 
250-S00  tons  might  move  at  speeds  up  to  60-80  knots  in  State  2f  sea  conditions, 
and  the  accelerations  for  this  would  not  exceed  0.5  G's;  only  large  craft 
with  displacements  of  about  2000  tons  will  move  at  great  speeds  in  the  open 
sea  during  storm  conditions. 


seaworthiness  of  ACV’s 
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Figure  1S2.  Seaworthiness  of  Prospective  ACV's  (Normal  Accelerations 
W-<0.5  G's). 

We  note  that  there  are  relationships  of  designs  for  vertical  {accelera¬ 
tions  of  rolling  of  0.5  G's  and  they  do  not  characterize  in  full  measure 
the  seaworthiness  of  ships  and  ACV's.  The  limits  of  safe  navigation  for 
ACV's  lie  in  considerably  higher  cited  curves,  therefore,  in  some  deviations 
from  levels  of  permissible  accelerations  (up  to  1-2  G's)  characteristics  of 
seaworthiness  may  be  considerably  improved.  Serving  to  confirm  this,  are 
the  graphs  set  forth  in  Figure  185  on  the  seaworthiness  of  ACV's.  Still 
another  observation  is:  the  relationships  in  Figure  192  are  designs  for 
most  unfavorably  rates  of  movement  against  waves.  In  moving  at  other 
course  angles,  the  characteristics  of  seaworthiness  will  significantly  im¬ 
prove  . 

More  detailed  characteristics  for  expected  seaworthiness  in  prospective 
ACV's  are  set  forth  in  the  well-known  work  of  R.  Stenton-Jones  [75]  -  the 
relationships  of  seaworthiness  (characterized  by  wave  heights  of  4%  assurance, 
over  which  an  ACV  may  travel  at  50  knots)  to  the  displacement  and  energy 
supply  (Figure  193) ,  as  well  as  the  graph  of  changes  in  energy  supply  for  an 
ACV  as  the  displacement  is  increased  (Figure  194).  In  making  these  graphs. 
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it  was  assumed  that  an  ACV,  using  air  propelling  agents,  may  be  created  with 
a  displacement  up  to  400  tons;  for  ACV's  with  large  displacements,  water 
propelling  agents  (screws,  water- jets)  must  be  installed. 


Figure  ) 93 •  Change  in  Energy-supply  of  ACV's  in  Relation  to  Water  Displace¬ 
ment  and  Speed  Over  Calm  Water  and  Over  Waves. 


The  graph  in  Figure  193  allows  one  to  make  the  following  conclusions: 
for  ACV's  with  displacements  up  to  400  tons,  a  rise  in.-energy  supply  from 
60-to  100  h.p.  per  ton  leads  to  a  proportionate  rise  in  seaworthiness;  to 
increase  the  speed  in  sea  conditions  from  50-to  60  knots,  it  is  necessary 
to  increase  the  energy  supply  of  the  ACV  by  1  1/2  times. 

In  Figure  194,  the  relationship  of  the  required  energy  supply  of 
prospective  ACV's  to  displacements  and  speeds  is  set  forth.  In  the  graph, 
points  are  plotted  for  the  corresponding  energy  supplies,  speeds,  and  sea¬ 
worthiness  of  contemporary  ACV's.  From  the  graph,  one  sees  that  the  required 
energy  supply  of  an  ACV  decreases  considerably  with  the  increase  of  displace¬ 
ment.  Thus,  to  ensure  speeds  of  70  knots  over  calm  water,  the  energy  supplies 
of  ACV's  with  displacements  .of  20,  200,  and  1000  tons  must  reach  130,  80 
and  60  h.p.  per  ton,  respectively.  In  moving  against  waves,  the  height- of 
which  makes  up  3/4  of  the  height  of  the  flexible  skirts  ( h ^  ~  0.75  h  ,Q) 

a  speed  of  20-30  knots  less  than  in  moving  over  calm  water  is  assured. 
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Figure  19/*.  Seaworthiness  of  Prospective  ACV's. 

§33 •  Overflow  and  Splashing  In  ACV's 

Overflow  and  splashing  in  displacement-type  craft  is  caused,  on  the 
whole,  by  pitching,  accompanied  by  blows  to  the  bow  extremities  by  waves 
and  masses  of  water  falling  on  the  deck.  In  contrast  to  overflow  and 
splashing  in  displacement-type  craft,  the  basic  source  of  spray- formations 
in  the  movement  of  an  ACV  appears  to  be  the  escape  of  air  from  zones  of 
rising  pressure,  leading  to  the  foimation  of  shrouds  (curtains)  of  spray 
around  the  ACV.  In  rate  of  suspension,  for  a  stationary  ACV,  this  shroud 
*  i$  almost  vertical.  In  moving  at  a  rowing  rate,  the  spray  curtain  in  the 

bow  extremities  gradually  disappears.  At  a  rowing  rate, 'with  increases 
in  speed,  the  spray  curtain  moves  *">  the  stern  and  becomes  more  gentles 
At  high  speeds,  the  spray  shroud  remains  in  the  form  of  a  narrow  train, 
beginning  approximately  at  the  middle.  During  movement  in  a  cross-wind, 
the  spray  curtain  on  the  windward  side  is  carried  by  the  wind  to  the  stern 
sections  of  the  ACV. 

Splashing  increases  considerably  when  the  ACV  moves  against  the  waves 
and  the  wind  at  low  speeds,  where  intensive  pitching  leads  to  a  great 
vertical  shift  in  the  bow  extremities  and  promotes  the  break-through  of  a 
large  air-mass  forward.  At  increased  speeds,  for  craft  in  choppy  sea  con¬ 
ditions,  splashing  decreases  considerably. 
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At  low  temperatures,  spray- formation  leads  to  icing-over  of  the 
hull  and  projecting  parts.  The  air  screws,  fans,  and  flexible  skirts, 
as  a  rule,  do  not  ice-over  in  these  conditions. 

Spray  formation  intensively  increases  with  increased  pressure  in  the 
cushions.  We  note  that  the  process  of  spray  formation  isn’t  modelled, 
therefore,  it  is  impossible  to  determine  the  intensity  of* spray  formation  from 
test-model  data.  In  Figure  12,  one  can  see  the  spray  trail  formed  during 
the  operation  of  the  SRN3. 

§3^.  Features  of  Seaworthiness  in  Test  Model  ACV's 

Special  significance  is  given  to  the  design  of  actual-size  ACV’s  from 
model  experiments,  since  testing  models  allows  one  to  study  their  behavior 
in  operating  in  average  and  extremely  choppy  sea  conditions  with  various 
speeds  on  vari.ous  courses  relative  to  the  waves.  The  influence  of  wave 
height  and  wave  length  on  the  parameters  of  moving  models  is  investigated, 
as  well  as  the  relationship  of  the  ACV's  seaworthy  qualities  to  the  volume 
of  air  expenditure,  centering  of  the  craft,  construction,  materials  and 
dimensions  of  the  flexible  skirts.  In  testing  the  models,  the  accuracy 
of  solutions  pertaining  to  architectural  design  and  correlation  of  the 
chief  dimensions  also  is  checked. 

The  scales  of  models  may  vary-from  1/20  to  1/2.  Not  only  geometirc 
similarity  is  observed  in  creating  the  models,  but  similarity  of  mass  dis¬ 
tribution,  air  pressure  in  the  receiver  and  air  cushions,  and  volume  of 
air  expenditure  through  the  fans  are  sought. 

Tests  are  conducted  on  tow- type  or  self-propelled  models.  The 
modelling  is  carried  out  in  observance  of  the  equality  of  Froude  numbers  of 
the  models  and  the  actual-size  craft.  Since  resistance  is  stipulated 
partially  by  the  friction  of  the  flexible  skirts  making  contact  with  the 
water,  modelling  according  to  Froude  is  not  accurate. 

In  testing  tow- type  models,  3  degrees  of  freedom  are  ensured;  this 
allows  the  possibility  of  fluctuations  vertically  and  around  the  axes 
Ox  and  Oz.  Self-propelled  models  have  6  degrees  of  freedom,  therefore, 
their  tests  provide  the  most  reliable  and  complete  information. 

It  follows  that,  if,  in  testing  the  self-propelled  models,  the  stop 
vector  changes  direction  during  pitching,  then,  in  testing  tow-type  .models, 
this  vector  retains  its  direction.  Thus,  in  tow-type  tests  the  conations 
of  modelling  are  broken  considerably,  If  one  considers  that,  while  moving 
in  choppy  sea  conditions,  resistance  of  an  ACV  changes  as  much  as  the  passing 
waves  and  ,  consequently,  also  change  speed,  then  it  is  obvious  that  in  tow- 
-type  tests,  at  constant  speeds,  the  conditions  of  modelling  are  broken 
according  to  the  quantity  of  stop  and  its  direction  relative  to  the  models. 

All  this  leads  to  considerably  different  kinematics  for  operation  of 
tow- type  and  self-propelled  models  in  identical  tes.t  conditions.  Thus, 
cycles  of  pitching  and  vertical  roll  in  tow-type  tests  prove  significantly 
greater  than  in  self-propelled  tests. 
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Therefore,  in  order  to  get  sufficiently  reliable  data  about  roll  of  1 
an  ACV  and  to  estimate  its.  seaworthiness,  it  is  necessary  to  conduct  self- 
-propelled  tests  of  models' on  extremely  choppy  seas.  : 

.  ^  1 

In  conducting  seaworthy  tests  of  large-scale,  self-propelled  models, 
specific  problems  arise,  the  solution  of. -which  requires  the  creation  of 
special  measuring  devices  and.  exploitation  of  special  techniques  of; measuring. 

The  first  such  problem  is  the  measurement  of  speed.  1  An  AbV's  speed-, 
relative  to  water  and  air,  differ  in  actual  conditions.  Considering  that 
aerodynamic  forces  (including  -impulse  resistance)  acting  on  an  ACV  depend 
on  speeds  relative  to  air,  and  hydrodynamic  forces  depend  on  Speeds  relative  ’ 
to  water,  -it  "is  necessary  to  know  the  meaning  of  these  speeds  to  get  a 
true  determination  of  the  forces.  The  .measuring  device  must  fix  the  quantity 
and  direction  of  the  vectors  of  speeds  relative  to  water  and'  air. 

i  1 

In  practical  seaworthy  tests,  speed  relative  to  water  is  determined  s 
by  Doppler  gauges,  which  fix  the  speed  of  traiislational  movement  of  an  > 

ACV  along  the  axes  Ox  and  Oz.  The.  speed  also  may  determined  by  using  • 
systems  of  external 'measuring :  coastal  theodolite-filming  posts,  a  pilot's 
synchronous  survey  of  the  ACV  , in  trajectory  of  movement,  or  aerial  survey  = 
of  the  shift  of  the  ACV  relative  to  a  fix  on  water  bases.  ! 

i 

Considering  the  great  influence  of  drift  of  the = ACV,  relative  to  the 
water's  surface,  on  forces  which  act  on  the  craft  (equal  to  arctan  V  /V  ), 

it  is  necessary  to  measure  the  angle  of  drift  with  great  atcuraicy.  It  was 
learned  from  tests  that,  the  angle  of  drift  must  be  maintained  by  the  driver 
within  the  limits  of  ±2-5°  and  the  accuracy  fbr  determining  the  make-up  of  speeds 
"along  axes 'Ox  and  Oz  must  ensure  determination  of  the  drift  angle  with  an 

error  of  not  more  than  1°.  i  ! 

.  .  •  l 

*  *  l 

Speed  relative  .to  air  may  be  measured  only  by  devices  mounted  on  the 
side  of  an  ACV.  The  usual  air  speed  gauges,  used  on  aircraft,  are  useless 
for  determining  an  ACVjs  speed,  because  they  only  fix  the  makfe-up  pf  speed 
along  axis  x  and  do  not  permit  the  determination  of  air  speed  vectors. 

Therefore,  in  testing  an  ACV,  it  is  necessary  to  install  special  devices  to 
measure  speeds  and  directions,  of  the  air  ,flow  on  the  ACV.  Special  attention 
must  be  given  to  the  choice  of  site  for  installing  the  devices  to  measure  .the  • 
air  speed,  because  it  is  necessary  to  exclude  the  influence  of  theihull  arid 
the  air  streams  in  the  region  of  the  screws  and  the  air  gates  of  the  fans 
on  the  receptors  of  these  devices.  , 

'  ,  1 

Higher  demands  must  be  made  for  accuracy  in  measuring  angle  of  trim  < 
difference.  It  is  known  that  a  change  in  trim  difference  of  1°,  means  ,a 
change  in  resistance  to  movement  equal  to  =  0.0175G.  If  one  considers 

that,  in  moving  at  cruise  speed,  the  hydrodynamic  quality  of  the  ACV  constitues 
roughly  7-10  and,  subsequently,  resistance  equals  0.14-0.10  G-,  so  it  is  1 
obvious  that  a  change  in  trim  difference  of  1°  means  a  dhange  in  resistance  of.’ 
12-18%.  Therefore,  to  determine  the  forces  acting  on  an  ACV,  with  an  accuracy 
of  1-2%,  it  is  necessary  to  measure  the  trim  with  an  accuracy,  of  0t.05-0.1%. 

i  ’  . 
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Since  it  is  impossible  t.o  ensure  similarity  of  hydrodynamic  and  aerodynamic 
•'forces  simultaneously,  the  conditions  of  balance'  in  tow- type  models  are 
different  from  the  conditions  of  balance  in  self-propelled  models  and 
actuai-size  ACV's,  and  the  angles  of  operational  trim  difference  in  situations 
of  balance  are  not  equal  (thd  influence  of  draught  of  propelling  agents  is 
;  compensated  by  a  shift  in  -the- center  of  gravity  for  models) . 
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